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CHAPTEE  I. 

ON  TEMPERATURE  AND  ITS  MEASUREMENT.  THE  MERCURIAL 
THERMOMETER.  MAXIMUM  AND  MINIMUM  THERMOME- 
TERS. 

1.  Temperature.  If  we  place  a  poker  in  a  fire,  and 
after  some  time  remove  it,  it  feels  hot.  The  physical 
cause  of  this  sensation  is  called  heat.  A  piece  of  iron 
which  has  been  exposed  to  the  air  in  Britain  will  gener- 
ally feel  cold. 

If  we  hold  for  some  time  in  the  right  hand  a  piece  of 
iron  which  feels  hot,  and  then  grasp  the  right  hand  with 
the  left,  the  left  hand  will  experience  a  sensation  of  heat, 
or  the  right  hand  will  feel  hot  to  the  left,  and  at  the  same 
time  the  left  hand  will  feel  cold  to  the  right.  The  same 
will  be  true  if  we  hold  for  some  time  in  the  right  hand 
any  other  body  which  feels  hot.  The  fact  that  the  right 
hand  feels  hot  to  the  left  after  holding  the  hot  iron,  while 
it  may  have  felt  neither  hot  nor  cold  before,  proves  that 
the  hand  has  received  heat  from  the  iron.  We  therefore 
infer  that  when  a  body  feels  hot  to  the  hand,  it  imparts 
heat  to  the  hand  while  touching  it.  It  then  follows  that, 
because  the  right  hand  feels  hot  to  the  left  hand,  heat 
must  pass  from  the  right  hand  to  the  left.  But  the  left 
hand  feels  cold  to  the  right  hand,  and  associating  this 
sensation  with  what  we  have  just  proved  ;  viz.,  that  heat 
passes  from  the  right  hand  to  the  left,  we  infer  that  a 
body  feels  cold  to  the  hand  when  heat  passes  from  the 
hand  to  the  body.  We  may  arrive  at  the  same  conclusion 
by  holding  in  the  right  hand  a  piece  of  very  cold  iron, 
after  which  the  right  hand  will  feel  cold  to  the  left,  and 
the  left  hand  warm  to  the  right.  Now,  the  fact  that  the 
left  hand  feels  warm  to  the  right,  shows  that  heat  passes 
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fioia  it  to  1  lie  right  hand  ;  and  we  infer  that  this  also  is 
the  reason  why  the  right  hand  feels  cold  to  the  left.  Also, 
the  fact  that  the  right  hand  has  been  made  to  feel  cold 
to  the  left  by  its  contact  with  the  iron,  shows  that  heat 
must  have  left  the  hand  and  entered  the  iron,  which  ac- 
counts for  the  latter  feeling  cold  to  the  hand. 

2.  We  thus  see  that  a  body  feels  hot  to  the  hand  when 
heat  passes  from  the  body  to  the  hand,  and  cold  when  it 
passes  in  the  opposite  direction.     The  sensations  of  heat 
and  cold  are  therefore  essentially  relative.     This  may  be 
further  illustrated  thus  :— 

Place  the  right  hand  in  a  mixture  of  ice  and  salt,  and 
the  left  hand  in  hot  water  ;  then  place  both  in  cold  water  ; 
the  cold  water  will  feel  warm  to  the  right  hand  and  cold 
to  the  left,  showing  that  the  sensation  of  heat  or  cold 
depends  on  the  condition  of  the  hand  relative  to  the  hot 
or  cold  body,  and  not  simply  on  the  state  of  the  body 
itself.  The  water  in  a  bath  sometimes  feels  warm  to  the 
hands  and  cold  to  the  feet. 

3.  If  a  body  feel  hot  to  the  hand,  it  is  said  to  be  at  a 
higher  temperature ;  and  if  it  feel  cold,  at  a  lower  tem- 
perature, than  the  hand.     Now,  we  have  seen  that  a  body 
feels  hot  or  cold  according  as  heat  passes  from  it  to  the 
hand,  or  from  the  hand  to  it.     The  direction  of  the  now 
of  heat  then,  in  this  case,  determines  whether  the  body 
or  the  hand  is  at  the  higher  temperature ;  and  applying 
the  same  criterion  in  all  cases  to  determine  whether  of 
two   bodies   is   the   hotter,  we   may  define    temperature 
thus : — 

DEF.  rllie  temperature  of  a  body  is  its  thermal  condition 
with  reference  to  its  power  of  communicating  lieat  to,  or  of 
receiving  heat  from,  other  bodies ;  the  body  A  being  said  to 
have  a  higher  temperature  than  B  if  B  gain  heat  from  A 
when  they  are  placed  in  contact. 

Hence,  if  when  tico  bodies  are  placed  in  contact  neither  of 
them  gain  heat  at  the  expense  of  the  other,  the  two  bodies  are 
said  to  be  at  the  same  temperature. 

In  dealing  with  gravitation,  one  point  is  said  to  be  at  a 
higher  level  than  another  if  a,  heavy  body  tend  to  move 
from  the  former  point  to  the  latter  when  a  suitable  path 
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lias  been  prepared  for  it.  If  there  is  no  tendency  for 
a  heavy  body  to  move  from  either  point  to  the  other, 
the  two  points  are  said  to  be  at  the  same  level.  Thus 
difference  of  temperature  has  the  same  relation  to  heat  as 
difference  of  level  has  to  gravitating  bodies.  There  is 
a  clear  distinction  between  level  and  gravitating  matter, 
even  when  the  material  is  sustained  at  a  high  level  by 
means  of  other  material  beneath  it,  as  in  the  case  of  a 
stone  on  the  top  of  a  mountain,  and  there  should  be  no 
more  risk  of  confusing  heat  with  temperature,  even 
though  heat  be  required  to  produce  the  temperature  in  a 
particular  body,  than  of  failing  to  distinguish  between 
the  mountain  and  its  height. 

4.  When  two  bodies  have  the  same  temperature,  they 
are  said  to  be  in  thermal  equilibrium  with  each  other. 

Now,  it  is  found,  experimentally,  that  if  two  bodies  A 
and  C  are  each  in  thermal  equilibrium  with  a  third  body 
B,  then  if  A  and  C  be  placed  in  contact,  they  will  be  in 
thermal  equilibrium  with  each  other,  provided  no  chemi- 
cal action  take  place  between  them.  Hence  we  infer 
that  bodies  which  are  in  thermal  equilibrium  tcith  the  same 
body,  are  in  thermal  equilibrium  with  each  other ;  and  our 
definition  is  consistent  with  itself  when  it  directs  us  to 
assign  to  them  all  the  same  temperature,  viz.,  that  of  the 
body  with  which  they  are  all  in  thermal  equilibrium.  It 
is  on  this  principle  that  the  employment  of  thermometers 
depends.  If  two  bodies  act  chemically  upon  one  another, 
they  may  be  put  into  thermal  communication  with  each 
other  by  means  of  a  diaphragm  impervious  to  either  body, 
but  pervious  to  heat.  If  no  heat  be  lost  or  gained  by 
either  from  the  other,  the  bodies  are  in  thermal  equili- 
brium ;  but  it  will  be  seen  that  unless  radiation  can  take 
place  between,  them,  all  we  can  say  respecting  them  is 
that  they  are  each  in  thermal  equilibrium  with  the 
diaphragm,  and  this  is  no  more  than  saying  that  they  are 
in  thermal  equilibrium  with  a  third  body. 

5.  If  we  touch  in  succession  several  bodies,  all  of  which 
feel  hot,  some  may  feel  hotter  than  others  ;  and  similarly, 
if  we  touch  several  bodies,  all  of  which  feel  cold,  we  may 
experience   sensations  of   different  degrees    of   coldness. 
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Now,  if  all  the  bodies  are  formed  of  the  same  material, 
and  in  the  same  mechanical  condition,  we  are  justified  in 
assuming  that,  of  two  hot  bodies,  that  is  at  the  higher 
temperature  which  feels  the  hotter^ and  similarly  for  two 
cold  bodies.  But  if  the  bodies  be  of  different  materials, 
we  are  110  longer  justified  in  making  this  assumption,  and 
for  this  reason ;  viz.,  that  the  power  of  a  hot  body  to 
produce  the  sensation  of  heat  does  not  depend  entirely 
on  its  thermal  condition  with  reference  to  its  power  of 
communicating  heat  to  other  bodies  (that  is,  on  its  tem- 
perature), but  depends  also  on  the  rate  at  which  it  can 
transmit  heat  through  its  substance  ;  and  this  is  different 
for  different  materials.  Thus  a  piece  of  iron  and  a  hollow 
piece  of  wood  may  both  feel  hot,  and  the  iron  feel  much 
hotter  than  the  wood  ;  yet  if  the  iron  be  placed  in  the 
hollow  of  the  wood  for  some  time,  it  may  then  feel  hotter 
than  before,  thus  showing  that  heat  has  passed  from  the 
wood  to  the  iron,  and  that  the  iron  was  therefore  origin- 
ally at  a  temperature  lower  than  that  of  the  wood. 
Again,  if  a  piece  of  iron  and  a  piece  of  wood  be  in  contact 
for  a  long  while  in  a  hot  place,  the  iron  will  feel  much 
the  hotter  though  it  is  in  thermal  equilibrium  with  the 
wood,  and  therefore  at  the  same  temperature  as  the  latter. 
This  is  due  to  the  difference  in  the  conducting  powers  for 
heat  of  iron  and  wood,  and  will  be  discussed  in  a  subse- 
quent chapter.  In  fact,  the  intensity  of  the  sensation  of 
heat  depends  on  the  rate  at  which  heat  enters  the  skin, 
and  not  simply  on  the  temperature  of  the  body  touched. 

6.  The  Thermometer.  In  order,  then,  to  deter- 
mine whether  of  two  bodies,  A  and  J3,  is  the  hotter,  we 
ought  to  place  them  in  contact,  and  determine  in  which 
direction  the  heat  passes ;  but  as  this  is  frequently  a  very 
difficult  or  impossible  operation,  recourse  must  be  had  to 
some  more  convenient  method.  This  is  generally  accom- 
plished by  taking  a  third  body  6V,  very  small  compared 
with  A  or  7^,  and  called  a  thermometer.  This  is  placed  in 
contact  with  A  till  it  is  in  thermal  equilibrium  with  it, 
and  therefore  at  the  same  temperature  ;  and  subsequently 
in  contact  with  B,  till  it  is  again  in  thermal  equilibrium, 
and  therefore  at  the  temperature  of  B ;  and  it  is  ascer- 
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tallied  whether  the  temperature  of  C  is  higher  when  in 
equilibrium  with  A  or  with  B  by  observation  of  some 
property  of  the  body  (7,  which  changes  with  its  tempera- 
ture,— as,  for  example,  its  volume. 

If  the  body  C  be  in  precisely  the  same  thermal  con- 
dition both  when  it  is  in  thermal  equilibrium  with  A  and 
when  in  thermal  equilibrium  with  B,  it  follows  from 
Art.  4  that  A  and  B  are  at  the  same  temperature.  Hence, 
a  thermometer  will  enable  us  to  determine  whether  a 
number  of  bodies  are  at  the  same  temperature  or  not ; 
and  if  not,  to  arrange  them  in  the  order  of  their  respective 
temperatures. 

Though  the  changes  in  volume  of  the  thermometric 
substance  are  generally  taken  to  indicate  the  variations 
of  temperature  which  it  experiences,  we  may  avail  our- 
selves of  any  other  property  of  the  thermometric  substance 
which  changes  with  temperature  and  which  can  be 
readily  observed.  Thus,  in  tempering  steel,  the  colour 
exhibited  by  the  thin  film  of  oxide  on  its  surface  serves 
to  indicate  the  temperature.  Sometimes  the  electrical 
resistance  of  a  platinum  wire,  which  increases  with  the 
temperature,  is  employed  to  indicate  the  temperature  to 
which  the  wire  is  exposed ;  or  the  thermo-electric  current 
produced  by  a  pair  of  dissimilar  metals  is  employed  to 
indicate  the  difference  of  temperature  of  the  junctions  of 
the  metals.  Tine  pitch  of  the  note  of  an  organ  pipe  will 
indicate  the  temperature  of  the  air ;  and  as  nearly  all  the 
physical  properties  of  bodies  change  with  the  temperature, 
almost  any  property  may  be  made  available  for  thermo- 
metric purposes. 

7.  All  bodies,  with  very  few  exceptions,  among  which 
may  be  mentioned  iodide  of  silver,  stretched  caoutchouc 
(in  the  direction  of  the  tension),  Iceland  spar  and  some 
other  crystals  in  particular  directions,  water  at  or  near 
the  freezing  point,  and  some  alloys,  expand  when  heated, 
and  contract  again  on  cooling  ;  so  that,  other  things  being 
the  same,  their  volumes  increase  as  the  temperature 
rises,  and  return  to  their  original  values  when  the  bodies 
regain  their  original  temperature  ;  though  glass  presents 
a  curious  exception  to  the  last  statement,  as  its  volume 
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does  not  return  to  its  original  value  after  expansion  until 
a  long  time  after  the  original  temperature  has  been  re- 
stored. Suppose  it  possible  to  measure  accurately  the 
volume  of  a  given  small  quantity  of  some  substance,  as, 
for  instance,  mercury.  Then,  if  the  mercury  be  placed  in 
contact  with  each  of  any  number  of  bodies  in  succession, 
till  it  is  in  thermal  equilibrium  with  it,  and  its  volume 
be  measured  in  each  case,  we  can  arrange  the  series  of 
bodies  in  order  of  temperature. 

8.  Scales  of  Temperature.  Suppose  /i",  Z,  and  M 
to  be  three  bodies,  of  which  K  is  the  coldest  and  M  the 
hottest.  Then,  although  we  can  arrange  the  bodies  in 
order  of  temperature,  by  means  of  the  small  quantity  of 
mercury,  or  other  substance,  whose  volume  we  measure, 
yet  we  are  not  at  present  in  a  position  to  tell  whether  the 
difference  between,  the  temperatures  of  K  and  L  is  greater, 
equal  to,  or  less  than,  the  difference  between  the  tempera- 
tures of  L  and  M]  in  fact  we  have  as  yet  no  graduated 
scale  of  temperature.  Now,  if  our  thermometer  consist  of 
a  given  mass  of  mercury,  we  may,  if  we  please,  define 
equal  increments  of  temperature  to  be  such  as  produce 
equal  increments  in  the  volume  of  the  mercury,  and  it 
will  then  follow  directly  from  the  definition  that  the 
difference  between  the  temperatures  of  two  bodies  is 
proportional  to  the  difference  in  the  volume  of  a  given 
mass  of  mercury  when  in  thermal  equilibrium  with  the 
first  and  second  body  respectively.  We  are  thus  enabled 
to  form  an  arbitrary  scale  of  temperature  which  will  de- 
pend upon  the  properties  of  the  particular  substance  (in 
this  case  mercury)  which  forms  our  thermometer.  As, 
however,  the  mercurial  thermometer  is  used  much  more 
extensively  than  any  other,  before  alluding  to  other  scales 
of  temperature  we  shall  describe  the  construction  and  mode 
of  graduation  of  the  ordinary  mercurial  thermometer. 

The  problem  of  comparing  differences  of  temperature 
in  different  parts  of  the  scale,  or  of  determining  equal 
intervals  of  temperature,  is  comparable  in  difficulty  with 
the  corresponding  problem  in  time.  We  meet  with  no 
such  difficulty  in  the  measurement  of  lengths,  because  the 
lengths  which  are  to  be  compared  may  be  superposed,  or 
a  third  body  of  constant  length  may  be  superposed  on 
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each  iii  succession.  It  is  obvious,  however,  that  an  inter- 
val of  time  of  to-day  cannot  thus  be  compared  with  an 
interval  to-morrow  ;  for  having  once  elapsed,  it  is  gone  for 
ever,  and  some  other  method  of  comparing  intervals  of 
time  must  be  resorted  to.  The  First  Law  of  Motion 
indicates  the  criterion  of  equality  in  intervals  of  time. 
The  principles  of  Thermodynamics  teach  us  how  to 
determine  the  equality  of  intervals  of  temperature,  but 
until  we  have  studied  the  action  of  heat  engines  we  must 
be  content  with  a  scale  of  temperature  derived  from  the 
properties  of  some  particular  substance  or  group  of  sub- 
stances. 

9.  The  Mercurial  Thermometer.    If  we  wish  to 
detect  and  measure  very  small  increments  in  the  volume 
of  a  substance,  it  is  obviously  most  convenient  to  employ, 
when  possible,  a  fluid  as  the  substance  whose  volume  is 
to  be  changed,  for  we  can  then  avail  ourselves  of  a  large 
volume  of  fluid  contained  in  a  suitable  reservoir  (e.g.,  the 
bulb  of  the   thermometer),  while  we  can  cause  the  free 
surface  to  be  contained  in  a  tube  of  very  small  bore,  and 
thus  an  extremely  small  increase  in  the  volume  of  the 
fluid  will  be  accompanied  by  a  considerable  movement  of 
the  surface  in  the  tube.     In  this  case  it  is  plain  that  the 
change  of  volume  observed  is  only  the  difference  between 
the  change  of  volume  of  the  fluid  and  of  the  envelope  in 
which  it  is  contained ;  but  this  is  no  serious  inconveni- 
ence, since  fluids  can  be  found  which  expand  very  much 
more  than  glass,  and  it  is  of  glass  that  the  envelope  is 
usually  made  :  moreover,  if  we  employed  solid  bars,  we 
should  have  to  take  care  that  our  measuring  instruments 
did  not  themselves  expand,  or  we  should  obtain  no  better 
result. 

10.  To  construct  a  mercurial  thermometer,  a  glass  tube 
of  very  fine  bore  is  taken,  and  a  small  bulb  is  blown  at 
one  end,  while  a  cup  is  formed  at  the  other  extremity,  as 
shown  in  Fig.  1.     In  this  cup  is  placed  a  small  quantity 
of  mercury,  and  the  bulb  is  then  heated  over  a  flame. 
The  air  in  the  bulb  expands  when  heated,  and  a  con- 
siderable portion  of  it  escapes  by  bubbling  up  through 
the  mercury  in  the  cup.     The  bulb  is  then  allowed  to 
cool,  when  the  pressure  of  the  air  within  it  diminishes  (as 
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FIG.  1.  explained  in  Chapter  IV.),  and  the  pres- 
sure of  the  external  air  drives  some  of  the 
mercury  in  the  cup  down  the  tube  and 
into  the  bulb.  If  it  be  desired  to  take 
great  care  in  the  construction  of  the  ther- 
mometer, this  process  is  repeated  until  the 
bulb  and  a  portion  of  the  tube  are  filled 
with  mercury  when  at  the  ordinary  tem- 
perature ;  but  in  general  a  more  expediti- 
ous process  is  adopted.  A  small  portion 
of  mercury  having  entered  the  bulb,  as 
described  above,  the  latter  is  heated  until 
the  mercury  boils,  when  the  heavy  mer- 
cury vapour  drives  out  the  lighter  air  at 
the  top  of  the  tube,  and,  when  the  whole 
of  the  air  has  been  expelled,  the  bulb  and  tube  are  filled 
with  mercury  vapour  (except  the  space  occupied  by  the 
liquid  mercury  remaining  in  the  bulb).  The  instrument 
is  then  allowed  to  cool,  and  as  the  mercury  vapour  con- 
denses, the  mercury  in  the  cup  is  forced  into  the  tube  by 
the  pressure  of  the  external  air,  and,  except  for  a  very 
small  quantity  of  air  which  may  have  been  left  behind, 
the  bulb  and  tube  are  completely  filled  with  liquid  mer- 
cury. The  instrument  is  then  heated  to  a  temperature 
somewhat  higher  than  the  highest  for  which  it  is  intended 
to  be  subsequently  used,  when  the  mercury  expands  so  as 
to  completely  fill  the  tube,  and  drive  out  any  residue  of 
air  which  may  have  been  left  above  it.  The  top  of  the 
tube  is  then  sealed  with  the  blowpipe,  while  the  mercury 
remains  hot.  The  instrument  should  be  kept  for  some 
months  after  the  bulb  has  been  blown  before  it  is  gradu- 
ated, because  glass  after  being  highly  heated  does  not 
acquire  its  permanent  volume  for  some  time,  and  this  is 
the  reason  why,  in  the  filling  of  the  best  thermometers  to 
be  used  for  moderate  temperatures  only,  the  mercury  is 
not  boiled,  but  the  air  is  driven  from  the  bulb  by  heating 
it  slightly  many  times  in  succession.  (See  Art.  7.) 

The  external  diameter  of  the  tube  of  a  thermometer 
is  generally  very  great  compared  with  the  diameter  of 
the  bore.  Moreover,  it  is  of  importance  for  many  pur- 
poses that  the  bulb  should  be  constructed  of  very  thin 
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glass.  In  most  well-made  thermometers  the  bulb  is 
elongated  so  as  to  be  almost  cylindrical,  while  its  external 
diameter  is  frequently  not  greater  than  that  of  the  tube. 
The  section  of  the  bore  of  the  tube  is  often  flattened 
instead  of  circular,  so  that  the  mercury  may  expose  a 
broad  surface  to  the  front  of  the  thermometer  though  its 
sectional  area  remains  very  small ;  and  frequently  the 
bulb  is  not  blown  on  the  thermometer  tube,  but  on  a 
separate  tube  of  the  same  kind  of  glass,  and  then  fused 
to  the  tube  of  the  instrument. 

From  what  has  just  been  said  it  will  be  seen  that  in 
the  thermometer  tube  above  the  mercury  there  is  scarcely 
any  air,  so  that  the  interior  of  the  bulb  and  tube  is  ex- 
posed only  to  the  pressure  of  the  mercury  vapour  and  the 
liquid  column.  Therefore,  unless  the  temperature  is 
sufficiently  high  to  cause  a  considerable  pressure  of 
mercury  vapour,  the  pressure  within  the  instrument  is 
practically  independent  of  the  temperature  to  which  it  is 
exposed,  so  long  as  the  thermometer  is  horizontal. 

11.  Graduation  of  the  Thermometer.  It  re- 
mains to  graduate  the  thermometer.  It  is  found  that 
under  ordinary  atmospheric  pressure  pure  ice  always 
melts  at  the  same  temperature,  which  is  called  the  freez- 
ing point ;  and  also  that  the  temperature  of  the  steam 
above  the  surface  of  boiling  water  depends  only  on  the 
barometric  pressure  to  which  it  is  subjected.  A  pressure 
of  29*905*  inches  of  mercury  at  the  freezing  point  in  the 
latitude  of  London,  and  at  the  level  of  the  sea,  is  generally 
taken  as  the  standard  pressure,  and  the  temperature  of 
the  steam  above  the  surface  of  water  boiling  under  this 

*  The  pressure  of  the  standard  atmosphere  is  generally  taken  to 
l>e  equal  to  that  of  760  millimetres  or  2'J'9215... inches  of  mercury  at 
0°  C.  at  the  sea-level  in  latitude  45°.  On  account  of  the  variation  of 
gravity  with  the  latitude  this  is  equivalent  to  the  pressure  exerted 
by  29'905  inches  of  mercury  at  the  sea-level  in  the  latitude  of 
London,  or  loy  29'898  inches  of  mercury  in  the  latitude  of  Man- 
chester. In  order  to  avoid  ambiguity  arising  from  the  variation  of 
gravity,  it  has  been  proposed  to  adopt  as  the  standard  pressure  a 
pressure  of  a  megadyne  per  square  centimetre.  This  is  equivalent 
to  74'9G4  centimetres  or  29'514  inches  of  mercury  at  0°  C.  at  the 
sea-level  in  the  latitude  of  London.  This  would,  however,  neces- 
sitate a  reconstruction  of  our  thermometric  scales,  since  the  tempera- 
ture of  steam  above  water  boiling  under  this  pressure  is  only  about 
99-03°  C. 
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pressure  is  always  the  same,  and  is  called  the  boiling 
point.  If  the  height  of  the  barometer  differ  from  this 
standard  height,  in  graduating  the  thermometer  a  cor- 
rection has  to  be  made  in  consequence.  (The  correction 
amounts  to  about  1'4°  F.*  for  one  inch  of  mercury.) 

In  order  to  graduate  the  instrument,  it  is  first  placed  in 
melting  ice,  and  a  mark  made  on  the  tube  at  the  height 
at  which  the  surface  of  the  mercury  stands.  This  mark 
corresponds  to  the  freezing  point,  and  should  always  be 
determined  before  the  boiling  point,  because,  when  it  has 
been  heated  to  the  latter  temperature,  the  glass  does  not 
at  once  contract  to  its  proper  volume,  and,  if  the  freezing 
point  were  determined  immediately  after  the  boiling 
point,  the  mark  would  after  some  time  be  found  to  be 
too  far  down  the  tube.  In  determining  the  freezing  point, 
the  thermometer  should  be  immersed  so  far  in  the  ice 
that  the  surface  of  the  mercury  is  only  just  visible  above 
it,  in  order  that  the  whole  of  the  mercury  may  have  the 
temperature  of  the  ice.  In  determining  the  freezing 
point,  it  is  not  generally  necessary  to  observe  the  height 
of  the  barometer,  for  the  melting  point  of  ice  is  lowered 

1° 
by  only  F-^  F.  for  an  increase  of  pressure  amounting  to  a 

whole  atmosphere. 

12.  In  order  to  determine  the  boiling 
point,  the  instrument  shown  in  Fig.  2,  and 
called  a  hypsometer,  is  employed.  This  in- 
strument consists  of  a  vessel  A,  containing 
water,  the  upper  portion  of  which  is  a  tube 
open  at  the  top.  Over  this  tube  is  placed 
the  wider  tube  BC,  which  is  closed  at  B  by 
a  perforated  cork  through  which  the  stem 
of  the  thermometer  T  passes.  C  is  a  small 
tube  for  the  exit  of  the  steam,  sloping  down- 
wards in  order  to  allow  the  ready  escape  of 
condensed  water.  D  is  a  small  bent  tube 
containing  water,  which  is  sometimes  at- 
tached to  the  instrument  to  indicate  if  the 
pressure  of  the  steam  within  exceed  that  of 

For  description  of  Fahrenheit's  scale,  see  Art.  15. 


FIG.  2. 
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the  external  air.  When  the  water  in  A  is  made  to 
boil,  the  thermometer  soon  becomes  surrounded  by  an 
atmosphere  of  steam,  which  is  itself  surrounded  by  a 
steam-jacket,  on  account  of  the  steam  having  to  pass 
down  between  the  tubes  before  escaping  at  (7,  and  is 
thereby  prevented  from  cooling.  The  thermometer  is 
pushed  through  the  cork  at  B  till  the  surface  of  the  mer- 
cury is  only  just  visible  above  it,  in  order  that  the  whole 
of  the  mercury  may  be  exposed  to  the  same  temperature. 
The  stem  is  then  scratched  at  the  level  of  the  surface  of 
the  mercury  (the  height  of  the  barometer  being  observed 
at  the  same  time,  in  order  to  make  any  necessary  correc- 
tion for  the  pressure  not  being  the  standard  pressure  of 
29*905  inches  of  mercury).  The  mark  so  placed  upon  the 
tube  is  called  the  boiling  point. 

The  effect  of  the  steam-jacket  will  be  readily  under- 
stood after  reading  Chapter  VI.  It  will  then  be  seen  that 
while  the  effect  of  loss  of  heat  from  the  outer  surface  of 
the  jacket  is  to  cause  the  steam  in  the  jacket  to  lose  heat, 
this  will  not  cause  any  fall  of  temperature  in  the  steam  ; 
for  if  it  did,  the  steam  would  be  unable  to  exist  exposed 
to  the  atmospheric  pressure.  The  effect  will  be  simply  to 
condense  some  portion  of  the  steam  without  lowering  the 
temperature ;  and  thus  the  inner  wall  of  the  steam-jacket, 
that  is  the  metal  tube  surrounding  the  thermometer,  will 
retain  the  full  temperature  of  the  steam,  and  the  ther- 
mometer will  not  lose  heat  by  radiation  to  it.  If  no 
steam-jacket  were  employed,  though  the  steam  surround- 
ing the  thermometer  would  retain  its  full  temperature, 
the  metal  tube  would  be  chilled,  and  the  thermometer 
would  lose  heat  by  radiation  to  it,  and  thus  have  a  tem- 
perature below  that  of  the  steam  around  it. 

13.  It  is  important  that  the  thermometer  should  be 
immersed  in  the  steam  and  not  in  the  water,  for  the  tem- 
perature at  which  the  water  will  boil  depends  on  a  great 
many  conditions.  For  example,  the  material  of  which 
the  vessel  is  composed  affects  the  boiling  point,  and  water 
will  boil  in  a  metallic  vessel  at  a  lower  temperature  than 
in  a  vessel  made  of  glass.  Again,  saline  impurities  dis- 
solved in  the  water  will  cause  the  boiling  point  to  be 
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raised,  but  the  temperature  of  the  steam  above  the  sur- 
face of  the  water  depends  only  on  the  pressure. 

If  a  quantity  of  common  salt  be  dissolved  in  the  water, 
the  temperature  of  the  solution  may  be  raised  about  16°  F. 
above  the  boiling  point,  but  the  temperature  of  the  steam 
will  be  the  boiling  point  due  to  the  existing  pressure.  If 
two  thermometers  be  immersed  in  the  steam  above  the 
solution  of  salt,  one  of  which  has  its  bulb  naked  and  clean, 
while  the  other  has  a  piece  of  cotton  cord  which  has  been 
dipped  in  a  strong  solution  of  calcium  chloride  twisted 
round  the  bulb,  the  naked  thermometer  will  indicate 
212°  F.,  while  the  other  may  denote  a  temperature  of 
227°  F.,  or  even  higher.  At  the  same  time,  a  third  ther- 
mometer immersed  in  the  solution  will  read  228°  F.  This 
experiment  shows  that  care  should  be  taken  to  see  that 
the  bulb  of  the  thermometer  is  clean  when  immersed  in 
the  steam. 

14.  It  is  very  important  that  when  the  fixed  points 
are  marked  upon  a  thermometer  tube,  the  tube  should  be 
in  the  same  position  relative  to  the  vertical  as  that  in 
which  it  is  to  be  subsequently  used.  For  if  a  thermo- 
meter be  observed  in  a  horizontal  position,  and  be  then 
turned  into  the  vertical  position,  the  reading  will  be 
lowered  in  consequence  of  the  increased  pressure  in  the 
bulb,  and  the  effect  will  be  greater  the  longer  the  column 
of  mercury  and  the  thinner  the  walls  of  the  bulb. 

As  the  air  has  no  access  to  the  interior  of  a  thermo- 
meter it  follows  that  the  reading  of  a  thermometer  will 
depend  to  some  extent  on  the  barometric  pressure  ;  for  the 
pressure  of  the  air  will  compress  the  bulb  of  the  ther- 
mometer, diminishing  its  volume  by  an  amount  depending 
on  that  pressure.  This  can  .be  rendered  very  apparent 
by  placing  a  thermometer  in  the  receiver  of  an  air-pump 
and  exhausting  the  air,  when  the  thermometer  will  con- 
tinue depressed  after  sufficient  time  has  been  allowed  for 
the  interior  of  the  receiver  to  regain  its  original  tempera- 
ture, the  depression  being  due  to  the  expansion  of  the 
glass  under  the  diminished  pressure  of  the  air.  When 
self-registering  mercurial  thermometers  are  employed  for 
determining  the  temperature  at  considerable  depths  in 
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the  sea,  great  care  must  be  taken  to  protect  the  bulbs 
from  the  pressure  to  which  they  would  otherwise  be 
exposed. 

15.  It  remains  now  to  subdivide  the  stem  of  the  ther- 
mometer between  the  freezing  and  boiling  points  into  de- 
grees, and  to  mark  off  degrees  above  the  higher  and  below 
the  lower  of  these  temperatures.     There  are  three  different 
modes  of  doing  this  in  general  use  in  different  parts  of 
Europe ;  in  other  words,  there  are  three  distinct  scales  of 
temperature.     In    Fahrenheit's    scale,    which    is    chiefly 
adopted  in  England,  the  freezing  point  is  marked  32°,  and 
the  boiling  point  212°.     The  tube  between  these  points  is 
then  divided  into  180  equal  portions,  and  divisions  equal 
to  these  marked  off  above  212°  and  below  32°.     In  the 
scale  of  Celsius,  better  known  as  the  centigrade  scale,  the 
freezing  point  is  marked  0°,  and  the  boiling  point  100°, 
the    tube  between   these  points  being  divided  into  100 
equal  parts,  and  equal  divisions  marked  off  along  the  rest 
of  the  tube.     This  scale   of  temperature  is  now  almost 
universally  adopted   by  scientific  men.     The  third  scale 
of  temperature,  viz.,  that  of  Reaumur,  is  in  very  general 
use  in  ordinary  life  on  the  Continent.     In  it,  as  in  the 
centigrade  scale,  the  freezing  point  is  marked  0°,  but  the 
boiling   point  is  marked   80°.     This   scale,   like   that   of 
Fahrenheit,  has  little  to  recommend  it  in  preference  to 
the  centigrade,  except  its  general  use  in  some  localities. 

16.  We  shall  now  suppose  that  we  are  graduating  a 
centigrade  thermometer,  and  that  the  freezing  and  boil- 
ing points  have  been  marked  upon  its  stem  as  described 
above.     If  the  thermometer  is  not  required  for  very  accu- 
rate measurements,  the  remainder  of  the  work  is  very 
simple.     The  length  of  tube  between  the  freezing  and 
boiling  points  is  divided  into  100  equal  parts,  and  these 
are  marked  off  upon  the  tube,  or  on  a  boxwood  or  metal 
scale  attached  to  it,  by   means  of  a  dividing  engine  or 
otherwise,  equal  divisions  being  then  carried  on  through- 
out the  remainder  of  the  tube.    Each  division  thus  marked 
is  called  a  degree,  and  those  degrees  which  lie  below  the 
freezing  point,  or  zero  of  the  scale,  are  marked  negative. 
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17.     Calibration    of    the     Thermometer    Tube. 

Now,  it  is  obvious  that  if  there  be  any  inequalities  in 
the  bore  of  the  thermometer  tube  in  different  parts, 
equal  lengths  of  the  tube  will  not  always  correspond  to 
equal  increments  in  the  volume  of  the  mercury  relative 
to  that  of  the  glass.  The  above  mode  of  graduation  is 
therefore  not  sufficiently  exact  for  accurate  instruments. 
In  order  to  remove  this  cause  of  error,  a  small  pellet  of 
mercury,  of  a  convenient  length,  is  detached  from  the 
rest  of  the  column,  and  by  inclining  and  gently  tapping 
the  tube,  is  made  to  occupy  different  positions  within  it. 
The  length  of  the  pellet  in  each  position  is  carefully 
measured,  and,  since  its  volume  is  constant,  it  follows 
that,  if  the  length  of  a  degree  at  any  part  of  the  tube  is 
made  proportional  to  the  length  of  the  pellet  when  occu- 
pying this  position,  each  degree  will  correspond  to  the 
same  increment  of  the  apparent  volume  of  the  mercury  in 
the  glass.  This  process  is  called  calibrating  the  tube.  The 
division  of  the  tube  is  then  conducted  on  this  principle, 
and  it  is  obvious  that  care  and  calculation  are  required 
in  effecting  it.  A  small  pellet  of  almost  any  desired 
length  can  generally  be  removed  from  the  rest  of  the 
column  by  tapping  it  so  as  to  remove  a  long  pellet,  warm- 
ing it,  re-uniting  the  pellet  to  the  column,  cooling  it,  and 
again  tapping  the  tube.  A  pellet  will  then  break  off  at 
the  same  point  of  the  tube  at  which  the  last  united  to 
the  column,  and  the  column  being  shorter  in  this  case, 
the  pellet  will  be  shortened  by  an  equal  amount.  By 
carefully  repeating  this  process  we  can  remove  a  very 
short  pellet. 

All  thermometers  pretending  to  accuracy  should  be 
graduated  on  the  glass  tubes  themselves,  and  not  on  a 
scale  which  can  be  detached  from  the  instrument. 

It  has  been  remarked  (Art.  9)  that  the  expansion  of  the 
mercury  with  which  we  have  been  dealing,  is  not  its 
actual  increase  of  volume,  but  its  apparent  expansion 
when  contained  in  a  glass  vessel,  and  is  the  difference 
between  the  actual  increase  of  volume  of  the  mercury 
and  that  of  the  interior  of  the  part  of  the  glass  vessel 
which  originally  contained  it. 
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18.  A  thermometer  in  which  the  freezing  and  boiling 
points  have  been  actually  determined  as  above  described, 
is  sometimes  called  a  "  natural  standard." 

Thermometers  with  capacious  bulbs  and  fine  tubes,  in 
which,  therefore,  a  small  change  of  temperature  produces 
a  considerable  change  in  the  length  of  the  column  ot 
mercury,  are  called  "  open  range  thermometers." 

Thermometers  whose  bulbs  are  very  small  and  thin, 
and  which,  therefore,  quickly  assume  the  temperature  of 
the  body  in  which  they  are  immersed,  are  called  "  sensi- 
tive thermometers." 

19.  Relations  between  Thermometric  Scales.    It 

is  very  important  to  be  able  to  convert  temperatures  ex- 
pressed in  one  of  the  three  above-mentioned  scales  into 
the  corresponding  temperatures  of  either  of  the  other 
scales. 

Suppose  F°,  (7°,  and  IF  to  represent  the  scale-reading 
of  Fahrenheit's,  the  centigrade,  and  Reaumur's  thermo- 
meters respectively,  corresponding  to  any,  the  same,  given 
temperature.  Now,  the  freezing  point  on  Fahrenheit's 
scale  is  marked  32°.  Hence,  F—  32  is  the  number  of  de- 
grees Fahrenheit  of  the  given  temperature  above  the 
freezing  point,  while  C  and  R  express  the  same  in  degrees 
of  the  centigrade  and  Reaumur's  scales  respectively. 
But  the  excess  of  the  temperature  of  the  boiling  point 
above  that  of  the  freezing  point  is  180°,  100°,  and  80°  on 
the  three  scales  respectively,  and  the  excess  of  any  other 
temperature  above  that  of  the  freezing  point  expressed  in 
degrees  of  these  scales  will  therefore  be  proportional  to 
these  numbers.  Therefore, 

^-32:  C:  A'::  180:  100  : 80. 
We  have  therefore  the  following  rules  : — • 

(I)  Since  C:  R:  :  100  :  80: :  5  :  4,  in  order  to  convert 
temperatures  on  the  centigrade  scale  into  corresponding 
temperatures  on  Reaumur's  scale,  multiply  by  4  and 
divide  by  5.  To  perform  the  inverse  process,  i.e.,  to 
convert  degrees  Reaumur  into  degrees  centigrade,  multi- 
ply by  5  and  divide  by  4. 
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(II)  Since    JF-32  :  C: :  180  :  100: :  9  :  5,    in    order    to 
convert  temperatures  expressed  in  Fahrenheit's  scale  into 
the  corresponding  centigrade  temperatures,  subtract  32 
from  the  reading  of  Fahrenheit's  scale,  and  multiply  the 
result   by  5   and  divide  by  9.      To  perform  the  inverse 
process,  multiply  the  reading  of  the  centigrade  scale  by 
9,  divide  by  5  and  add  32. 

For  example, 

212°  F.  =  |(212  -  32)°  C.  =  ^180C  C.  - 100°  C. 
J  J 

55°  C.  --=  (?66  +  32V  F.  =  (99  +  32)°  F.  - 131°  F. 

(III)  Since  F-  32  :  R  : :  180  :  80  : :  9  :  4,  in  order  to  con- 
vert readings  of  Fahrenheit's  scale  into  the  corresponding 
readings  on  Reaumur's  scale,  and  vice  versa,  proceed  as  in 
rule  (II),  only  replacing  the  5  by  4.     Thus  : 

212°  F.  -  j;212  -  32)°  E.  m  -180°  R.  -  80C  R. 
J  J 

44°  R.  =  ^44  -  32Yr.  +  (99  +  32)°  F.  -  131C  F. 

It  may  be  useful  to  remark  that  certain  temperatures 
on  Fahrenheit's  scale,  in  addition  to  the  freezing  and 
boiling  points,  have  received  particular  names  ;  for  ex- 
ample, 55°  F.  is  marked  temperate,  76°  F.  summer-heat, 
and  98-4°  F.  Mood-heat. 

The  student  unaccustomed  to  such  calculations  will 
find  it  useful  to  work  out  the  following  examples. 

Express  in  degrees  centigrade  the  following  tempera- 
tures : — 

1.  56°  R.  Ans.        7CTC. 

2.  77°  F.  „          25°  C. 

3.  59°  F.  15°  C. 

4.  329°  F.  „         165°C. 

5.  56°  F.  „        ]3-3°C. 

6.  98°  F.  „       36-6°  C. 

7.  108°F.  „       42-2°  C. 

8.  10°  F.  -12-2°C. 
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Express  in  degrees  Fahrenheit : 

1.  56°  R  Ans.  1B8"F. 

2.  40°  C.  „  104CF. 

3.  60°  C.  „  140°  F. 

4.  -40CC.  -40°F. 

5.  -10°C.  14°  F. 

6.  309CC.  „      588-2°  F. 

20.  Coloured  sulphuric  acid  is  sometimes  used  instead 
of  mercury  for  filling  thermometers,  it  having  the  advan- 
tage of  expanding  more  for  a  given  change  of  tempera- 
ture, and  thus  allowing  a  wider  tube  to  be  employed, 
so  that  the  surface  is  more  distinctly  visible.     Coloured 
alcohol   is   employed   for   very   low   temperatures,  since 
mercury  solidifies  at  about  —  39°  C.     Alcohol  is  also  used  in 
minimum   thermometers,  which   will    be   presently   des- 
cribed.    When  liquids  other  than  mercury  are  employed, 
the  thermometers  are  generally  graduated  by  comparing 
them  with  a  standard  mercurial  thermometer  at  various 
temperatures,  and   sub-dividing   the   tube   between   the 
graduations  so  obtained,  and,  in  the  case  of  the  alcohol 
thermometer,   marking  off,  on   the   portion  of   the  tube 
which  corresponds  to  temperatures  below  those  measurable 
by  the   mercurial  thermometer,    divisions   equal   to  the 
lowest  of  those  which  can  be  directly  determined  by  the 
latter  instrument. 

21.  Arbitrary  character  of  Thermometric  Scales. 

It  has  been  stated  (Art.  8)  that  the  scale  of  the  mercurial 
thermometer  is  a  purely  arbitrary  scale  (quite  irrespective 
of  the  number  of  degrees  into  which  the  interval  between 
the  freezing  and  boiling  points  is  divided),  depending 
011  the  peculiar  properties  of  mercury  and  the  crown-glass 
envelope  in  which  it  is  enclosed.  This  may  be  rendered 
very  apparent  by  filling  several  thermometers  with 
different  liquids,  accurately  marking  off  the  freezing  and 
boiling  points  upon  each,  and  dividing  the  tubes  between 
these  points  each  into  100  equal  parts,  as  in  the  con- 
struction of  the  ordinary  centigrade  thermometer  On 
placing  these  thermometers  in  water  at  various  tempera- 
tures, it  will  generally  be  found  that  no  two  of  them 
precisely  agree  in  their  indications,  except  at  the  freezing 
G.  H.  c 
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and  boiling  points.  If  one  of  the  thermometers  contain 
water,  when  the  mercurial  thermometer  registers  4°  C., 
the  water  thermometer  will  stand  below  zero,  and  when 
the  mercurial  thermometer  is  at  16°,  the  water  thermo- 
meter will  register  about  1°. 

It  should  be  noticed  that  the  discrepancy  between 
these  different  thermometric  scales  is  not  due  simply  to 
one  liquid  expanding  more  or  less  than  another,  but  to 
the  different  liquids  expanding  according  to  different 
laws,  so  that  those  intervals  of  temperature  which  pro- 
duce equal  increments  of  volume  in  one  liquid,  do  not 
correspond  to  equal  increments  in  the  volume  of  the 
other ;  hence  if  one  liquid  be  supposed  to  expand  uni- 
formly as  the  temperature  rises,  the  rate  of  expansion  of 
the  other  liquids  will  either  increase  or  diminish  with  in- 
crease of  temperature,  or  it  may  sometimes  increase  and 
at  other  times  decrease  for  the  same  liquid. 

22.  Merits  of  the  Mercurial  Thermometer.     Al- 
though different  liquids  indicate  different  scales  of  tem- 
perature, yet  there  is  a  class  ot  bodies,  viz.,  those  which 
have  until  recently  been  regarded  as  permanent  gases, 
which   all    expand    very   nearly   according  to   the  same 
law,    and   therefore   indicate   nearly   the   same   scale   of 
temperature.     This  joint   testimony   in    favour   of    this 
particular  scale  affords  a  good  reason  for  preferring  it  to 
any  other,  and  additional  reasons  will  be  mentioned  here- 
after* which   conspire    to   render   this   scale    peculiarly 
valuable.      Now    this   scale    of    temperature,   generall}7 
known  as  the  scale  of   the  air  thermometer,  differs  very 
slightly  indeed  from  that  indicated  by  the  expansion  of 
mercury  in   a    crown-glass   envelope,  and  this   of  itself 
affords  sufficient  reason  why  mercury  should  be  preferred 
to  other  liquids  for  the  construction  of  thermometers. 

23.  The  other  reasons  for  the  employment  of  mercury 
in  thermometers  are  : — 

*  The  scale  of  the  air  thermometer  possesses  also  another  pecu- 
liarity, viz.,  that  the  same  amount  of  heat  is  required  to  raise  tho 
temperature  of  a  given  mass  of  air  at  constant  pressure  through 
each  degree  of  the  scale,  and  it  nearly  agrees  with  the  absolute 
thermometric  scale  deduced  from  certain  thermodynamic  considera- 
tions briefly  referred  to  in  Art.  8  and  in  Chapter  X. 
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(1)  It  readily  transmits  heat  through  its  substance 
(i.e.,  is  a  good  conductor),  and  thus  quickly  takes  up  the 
temperature  of  the  body  in  which  it  is  placed. 

(2)  Compared   with  other  liquids   it    requires  very 
little  heat  to  raise  its  own  temperature  through  a  given 
range  (i.e.,  its  specific  heat  is  small),  and  this  not  only 
favours  its  quickly  assuming  the  temperature  of  the  body 
surrounding  it,  but  also  enables  it  to  come  into  thermal 
equilibrium  with  the  surrounding  body  without  changing 
the  temperature  of  the  latter  to  any  great  extent. 

(3)  It  remains  liquid  at  ordinary  pressure  through 
a  very  great  range  of  temperature,  viz.,  from  —  39° C.  to 
350°  C. 

(4)  It  can  readily  be  obtained  in  a  state  of  purity. 

(5)  It  does  not  wet  the  glass  envelope  in  which  it  is 
placed. 

24.  "When  mercurial  thermometers  of  extreme  accuracy 
are  required  for  scientific  purposes,  their  indications  are 
sometimes  compared  with  those  of  the  air  thermometer, 
and  a  table  of  corrections  made ;  so  that  temperature  can 
be  determined  by  them  as  nearly  as  possible  in  accord- 
ance with  the  scale  of  the  air  thermometer.     Some  of  the 
forms  of  the  last-mentioned  instrument  will  be  described 
in  Chapter  IV. 

Throughout  the  remainder  of  this  work  all  temperatures 
will  be  expressed  in  degrees  of  the  mercurial  thermometer, 
except  when  otherwise  stated. 

25.  Registering    Thermometers.      The  maximum 

thermometer  is  an  instrument  used  for  registering  the 
highest  temperature  to  which  it  has  been  exposed  since  it 
was  last  adjusted.  Rutherford's  maximum  thermometer 
consists  of  an  ordinary  mercurial  thermometer,  in  the 
tube  of  which  is  placed  a  small  index, 
or  needle,  of  black  glass  or  enamel,  FlG-  3- 

represented   by  a  I)  in   Fig.  3,  which       r— ---r—^zp^jpft 
shows  a  section  of  the  tube   in   the       H 
neighbourhood   of  the    index.       The 
thermometer  is  kept  horizontal,  and  when  the  mercury 
expands,  its  convex  surface  c  pushes  the  index  before  it, 
for  the   same  reason  for  which  the  surface  of  water  is 
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capable  of  supporting  a  fine  dry  needle.  When  the  mer- 
cury contracts  it  leaves  the  needle  behind,  as  shown  in 
the  figure.  The  end  a  of  the  needle  will  therefore  always 
indicate  the  highest  temperature  to  which  the  instrument 
has  been  exposed  since  it  was  last  adjusted.  To  adjust 
the  instrument  the  index  is  brought  back  into  contact 
with  the  mercury  by  placing  the  thermometer  in  a  verti- 
cal position. 

26.  The  minimum  thermometer  is  employed  to  register 
the  lowest  temperature  to  which   it  has  been   exposed. 
Rutherford's  minimum  thermometer  consists  of  an  alcohol 
thermometer,  placed  horizontally,  and  containing  in  its 
tube  a  small  index  of  glass,  or  enamel,  as  shown  in  Fig.  4. 

Since  the  alcohol  wets  the  glass,  its 
surface  will  be  concave,  as  shown  at 
c,  instead  of  convex,  as  in  the  case  of 
mercury.  When  the  alcohol  con- 
tracts, the  surface  c  pushes  the  index 
back  with  it,  but  when  it  expands,  the  index  being  en- 
tirely wetted  by  the  spirit,  it  is  left  behind.  The  end  a 
of  the  index  will  then  show  the  lowest  temperature  to 
which  the  thermometer  has  been  exposed.  The  instru- 
ment is  set  by  inclining  it  until  the  index  slides  down  to 
the  surface  c  of  the  spirit. 

27.  In  Phillips'  maximum  thermometer  the  column  off' 
mercury  is  divided,  so  that  a  short  thread  is  separated 
from  the  rest  of  the  column  by  the  introduction  of  a  small 
quantity  of   air.     When  in  use,  the  tube  is  placed  in  a 
horizontal  position,  but  in  order  to  set  the  instrument  it 
is  held  with  the  bulb  downwards,  and  gently  tapped.    By 
this  means  the  separated  thread  of  mercury  is  caused  to 
fall  towards  the  rest  of  the  column,  and  to  compress  the 
air  between  the  two  until  the  length  of  the  tube  occupied 
by  the  air  is  (in  general)  not  more  than  one-twentieth  of 
an  inch.     When  the  tube  is  placed  in  a  horizontal  posi- 
tion, and   the  temperature   is   raised  so   as   to  cause  the 
mercury  to   expand,  the  pressure  of   the  bubble  of   air 
pushes  the  thread  of  mercury  before  it,  so  that  the  end  of 
the  thread  indicates  the  highest  temperature  attained  ; 
but  when   the  temperature  is  lowered,  and  the  mercury 
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contracts,  there  being  no  air  in  the  portion  of  the  bulb 
which  is  beyond  the  thread  of  mercury,  there  is  nothing 
to  force  the  thread  back,  and  it  remains  stationary,  indi- 
cating the  highest  temperature  which  the  thermometer 
has  experienced  since  it  was  last  set. 

28.     Of  all  self-registering  thermometers,  perhaps  the 
best  known  is  Six's,  which  serves  at  once  as  a  maximum 
and  minimum   thermometer.     The  bulb  A 
(Fig.  5)  is  filled  with  spirit.     The  thermo- 
meter tube  is  bent,  as  shown  in  the  figure, 
and  contains  a  quantity  of  mercury  which 
occupies  about  half  the  entire  length  of  the 
tube.     Above  the  surface  C  of  the  mercury 
is  placed  a  second  quantity  of  spirit  which 
flows  into  the  bulb  D  when  the  temperature 
is  sufficiently  raised.    The  only  object  of  this 
spirit  is  to  facilitate  the  motion  of  the  index 
which  registers  the  highest  point  to  which 
the  surface  C  of  the  mercury  has  risen.    Two 
scales  are  provided,  one  for  the  surface  B, 
and  the  other  for  C.     Each  index  is  made  of 
iron  or  steel,  surrounded  by  glass  and  having 
a  fine  glass  fibre  attached,  which  serves  as  a 
spring,  and,  pressing  on  the  interior  of  the 
tube,  enables  the  index  to  be  supported  by 
friction.     (See  Fig.)     When  it  is  required  to 
adjust  the  instrument   for  use,  the  indices 
are  drawn  clown  the  tube  by  a  magnet  till 
they  are  in  contact  with  the  mercury.     As 
the  mercury  moves  on  account  of  the  expansion  or  con- 
traction of  the  alcohol  in  the  bulb  A,  the  needle  at  C  0Y" 
or  B  is  pushed  up  the  tube  by  the  surface  of  the  mercury,      **  -1 
as  in   Rutherford's  maximum  thermometer.      Thus  the 
lower  surface  of  the  index  in  the  tube  CD  marks  the 
highest   temperature   to   which    the   bulb   A    has   been 
exposed,  while  the  index  in  AB  registers  the  lowest  tem- 
perature.    The  motion  of  the  surface  C  is  due  to  the  ex- 
pansion of  the  alcohol  together  with  that  of  the  mercury, 
so  that  the  degrees  of  the  maximum  scale  ought  to  be  a 
little  longer  than  those  of  the  minimum  scale ;  but  this 
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difference  is  scarcely  sensible,  amounting  in  the  instru- 
ment shown  in  Fig.  5  to  about  one  and  a  half  per  cent. 

29.  The  weight-thermometer  may  frequently  be  em- 
ployed as  a  convenient  form  of  maximum  thermometer, 
but  this  will  be  described  when  we  speak  of  the  expan- 
sion of  liquids  (Art.  80). 

In  Negretti  and  Zambra's  maximum  thermometer  the 
tube  is  bent  at  right  angles  just  above  the  bulb,  and  is 
choked  at  the  bend  so  as  nearly  to  divide  the  column  of 
mercury.  When  in  use,  the  stem  of  the  instrument  is 
made  to  slope  slightly  downwards.  As  the  mercury  ex- 
pands, the  thread  is  pushed  past  the  obstruction ;  but,  on 
contracting,  the  mercury  is  divided  at  the  bend,  and  the 
thread  left  behind  in  the  tube. 

Thermometers  employed  for  the  measurement  of  very 
high  temperature  are  called  pyrometers.  Some  of  these 
instruments  will  be  described  later  on. 

The  most  delicate  instruments  for  detecting  and  mea- 
suring very  small  differences  of  temperature  depend  on 
thermo-electric  actions,  and  will  be  described  in  Chapter 
VII. 

By  causing  photographic  paper  to  travel  slowly  behind 
the  thermometer  tube  in  a  direction  at  right  angles  to 
the  length  of  the  tube,  while  light  reaches  it  only  through 
the  upper  part  of  the  tube  above  the  mercury,  a  per- 
manent record  of  the  variations  of  temperature  may  be 
obtained. 


CHAPTER  II. 

ON     HEAT     CONSIDERED     AS     A     QUANTITY.       SPECIFIC     HEAT. 
CALORIMETRY.       TABLE    OF    SPECIFIC    HEATS. 

30.  Physical  Quantities.     DEF.     A  quantity  is  that 
which  can  be  expressed  as  a  multiple,  part,  or  parts  of  an 
arbitrary  unit  of  its  own  'kind. 

The  complete  representation  of  a  physical  quantity  will 
therefore  consist  of  two  factors :  one  of  which  expresses 
the  unit,  ichich  must  be  of  the  same  hind  as  the  quantity 
considered  ;  while  the  other  is  a  pure  number  expressing 
the  ratio  which  the  quantity  bears  to  that  unit,  and  is 
called  the  measure  of  the  quantity.  [From  this  it  will  be 
seen  that  a  quantity  can  be  measured  when  its  ratio  to 
a  definite  quantity  of  the  same  kind  can  be  determined. 
Now  the  determination  of  the  ratio  which  one  quantity 
bears  to  another,  regarded  as  a  process  of  division,  is  but 
the  inverse  of  multiplication,  and  is  possible  if  the  latter 
operation  can  be  performed  upon  the  quantities.  But 
the  multiplication  of  a  quantity  by  a  pure  number  is 
possible  whenever  the  operation  of  adding  together  two 
or  more  quantities  of  the  same  kind  as  that  considered  is 
capable  of  a  rational  interpretation  ;  and  hence  it  follows 
that  the  test  of  quantity  properly  so  called,  that  is,  of 
a  measurable  quantity,  is  the  possibility  of  giving  a 
rational  interpretation  to  the  result  obtained  when  the 
quantity  is  added  to  another  of  the  same  kind.] 

31.  In  the  preceding  chapter  we  have  discussed  the 
modes  of  measuring  temperature,  and  we  have  throughout 
spoken  of  degrees,  and  not  quantities,  of  temperature  ;  be- 
cause hitherto  we  have  seen  in  temperature  only  a  quality 
which  affects  bodies,  and   not  a  quantity  which   can  be 

2.3 
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dealt  with  by  the  ordinary  laws  of  arithmetic ;  for  in  so 
far  as  we  have  at  present  discussed  temperature i  we  can 
assign  no  meaning  whatever  to  the  operation  of  adding 
together  two  temperatures,  or  of  multiplying  a  tempera- 
ture by  any  number.  If  we  mix  together  two  equal 
quantities  of  a  substance  at  the  same  temperature,  the 
temperature  of  the  mixture  is  not  the  sum  of  the  tem- 
peratures, but  is  equal  to  that  of  either  ;  and  if  their  tem- 
peratures be  originally  Unequal,  the  temperature  of  the 
mixture  is  intermediate  between  that  of  its  components. 
In  fact,  if  we  have  no  other  conception  of  temperature 
than  that  adopted  in  the  preceding  chapter,  the  operation 
of  adding  together  two  temperatures  is  altogether  unin- 
telligible. At  any  rate,  it  is  at  once  obvious  that  we  must 
not  add  the  numbers  representing  the  temperatures  on 
any  of  the  arbitrary  scales  we  have  described,  for  the 
results  will  be  different  according  to  the  position  of  the 
zero  of  the  scale,  though  the  temperatures  are  the  same. 
Thus  15°  C.  is  the  same  temperature  as  59°  F.,  and  20°  C. 
the  same  as  68°  F. ;  but  35°  C.  is  not  the  same  as  127°  F., 
but  is  equal  to  95°  F.  Temperature  is  in  this  respect 
analogous  to  many  other  qualities  possessed  by  bodies  ;  as, 
for  example,  hardness.  We  may  say  that  a  body  A  is 
harder  than  a  second  body  7?,  if  A  will  scratch  B,  but  can- 
not be  scratched  by  it ;  and  we  may  then  select  a  number 
of  bodies,  each  of  uniform  hardness,  and  number  them  so 
as  to  form  an  arbitrary  scale.  The  number  attached  to 
each  substance  will  then  represent  its  degree  of  hard- 
ness. We  may,, for  example,  take  the  hardnesses  of  the 
following  substances  as  the  standards  of  reference  for 
our  arbitrary  scale,  calling  that  of  Talc  1,  Rocksalt  2, 
Calcareous  spar  3,  Flour  spar  4,  Apatite  5,  Felspar  G, 
Bock-crystal  7,  Topaz  8,  Corundum  9,  Diamond  10. 
Now,  suppose  a  piece  of  glass  will  scratch  Apatite  but  is 
scratched  by  Felspar,  we  say  then  that  its  degree  of 
hardness  lies  between  5  and  6.  Again,  suppose  a  pen- 
knife will  scratch  Felspar  but  not  Rock-crystal,  then 
we  say  that  its  hardness  lies  between  6  and  7.  We 
cannot  however  assign  any  meaning  to  the  operation  of 
adding  together  the  hardness  of  the  glass  and  knife,  and 
so  can  never  have  to  determine  whether  the  result  would 
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be  a  hardness  greater  than  that  of  the  diamond  or  of  any 
other  substance,  nor  can  we  compare  the  interval  between 
the  hardnesses  of  any  two  substances  in  our  scale  with 
the  corresponding  interval  for  any  other  pair. 

32.  The  case  is  however  different  with  the  agent  which 
is  the  cause  of  increase  of  temperature  in  bodies ;  namely, 
heat  itself.     If  we  take  a  ponnd  of  water  at  1°  C.,  it  will 
require  a  certain  definite  amount  of  heat  to  raise  its  tem- 
perature to  2°  C.  under  given  conditions  ;  and   a  second 
pound  of  water  will  require  an  equal  amount  of  heat  to 
produce  the  same  change  of  temperature  under  the  same 
circumstances.      Consequently  the   two   pounds  require 
twice  the  amount  of  heat  required  by  the  one  pound  to 
produce  the  same  change  of  temperature  ;  so  we  see  that 
heat  must  be  of  the  nature  of  a  physical  quantity,  which 
is  subject  to  the  ordinary  operations  of  arithmetic  (i.e. 
addition,  subtraction,  etc.),  and  we  are  therefore  justified 
in  speaking  of  amounts,  and  not  of  degrees,  of  heat. 

33.  Unit   of  Heat.     Since,  then,  heat  is  a  physical 
quantity,  it  is  of  importance  to  compare  the  amounts  of 
heat  required  to  produce  given  changes  in  definite  portions 
of  matter.     If  a  pound  of  water  at  0°  C.  be  mixed  with  a 
pound  of  water  at2°C.,  the  mixture  will  be  found  to  have 
a  temperature  of  1°  C. ;  so  that  the  heat  which  leaves  1  Ib. 
of  water  when  its  temperature  falls  from  2°  C.  to  1°  C.,  is 
just  capable  of  raising  the  temperature  of  1  Ib.  of  water 
from  0°C.  to  1°  C.     We  learn,  therefore,  from  this  experi- 
ment, that  the  same  amount  of  heat  is  required  to  raise  the 
temperature  of  1   Ib.  of  water  from  1°  C.  to  2°  C.  as  from 
0°C.  to  1°  C.,  and  therefore  the  amount  of  heat  required 
to  raise  1  Ib.  of  water  from  0°  C.  to  2CC.  is  twice  that 
required  to  raise  it  from  0°  C.  to  1°  C.     Similarly,  if  we 
mix  together  1  Ib.  of  water  at  0°  C.  and  1  Ib  at  4°C.,  the 
temperature  of  the  mixture  will  be  found  to  be  2°  C.,  from 
which  we  infer  that  the  amount  of  heat  required  to  raise 
1  Ib.  of  water  from  2°  C.  to  4°  C.  is  equal  to  that  required 
to  raise  it  from  0°  C.  to  2°  C. ;  whence  it  follows  that  the 
amount  of  heat  required  to  raise  1  Ib.  of  water  from  0°  C. 
to  4°  C.  is  four  times  that  required  to  raise  it  from  0°  C.  to 
1°  C.     If  we  proceed  in  this  way  with  water  at  higher 
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temperatures,  we  shall  find  that  the  temperature  of  the 
mixture  is  rather  higher  than  the  mean  of  its  components. 
Thus,  if  we  mix  1  Ib.  of  water  at  0°  C.  with  1  Ib.  at  80°  C., 
the  temperature  of  the  mixture  will  be  about  40'14°C.  ; 
from  which  we  infer  that  the  amount  of  heat  required  to 
raise  a  pound  of  water  1°  C.  when  at  a  high  temperature, 
is  rather  greater  than  that  required  to  raise  it  lc  C.  at  a 
low  temperature.  If,  however,  the  temperature  of  the 
water  be  not  high,  we  may  say  that  the  amount  of  heat 
required  to  raise  the  temperature  of  a  pound  of  water 
through  NCC.  is  ATtimes  the  amount  required  to  raise  the 
same  quantity  of  water  from  0°C.  to  1°C. 

34.  As    stated    in   Art.    30,    the   expression   of    any 
physical  quantity  consists  of  two  factors  :  one  of  which  is 
the  unit  in  terms  of  which  it  is  measured,  and  of  the 
same  nature  as  the  quantity  considered;  while  the  other 
is  a  pure  number,  showing  how  many  times  the  quantity 
contains  this   unit,    and    is   called    the   measure   of    the 
quantity. 

Hence,  in  order  to  express  the  magnitude  of  any  physi- 
cal quantity,  we  must  fix  upon  an  invariable  unit  of  its 
own  kind. 

DEF.  The  unit  of  heat  is  the  amount  of  heat  required  to 
raise  the  temperature  of  1  Ib.  of  water  from  0°  C.  to  1°  C. 
This  quantity  of  heat  is  sometimes  called  a  cc^om, though 
this  term  is  more  properly  confined  to  the  amount  of  heat 
required  to  raise  a  gramme  of  water  through  the  same 
range  of  temperature. 

In  nearly  all  formulae  pertaining  to  physical  quantities, 
it  is  the  measures  alone  which  are  represented  by  symbols, 
the  units  being  either  supposed  to  be  understood  or  else- 
expressed  in  words.  Hence  these  symbols  may  be  treated 
as  pure  numbers.  Since,  however,  the  measures  of  quan- 
tities change  when  the  units  are  altered,  in  order  that  an 
equation  may  be  true  independently  of  the  particular 
units  adopted,  the  quantities  represented  on  the  two  sides 
of  an  equation  must  be  of  the  same  nature. 

35.  Specific  Heat.     DEF.     The  specific  heat  of  a  sub- 
stance at  any  temperature  is  the  ratio  of  the  amount  of  heat 
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required  to  raise  the  temperature  of  any  mass  of  the  sub- 
xtance  1°  0.  from  the  given  temperature,  to  the  amount  of 
heat  required  to  raise  the  temperature  of  an  equal  mass  of 
water  from  0°  C.  to  1°  C. 

From  this  definition  it  will  be  seen  that  the  specific 
heat  of  a  substance  at  any  temperature  is  equal  to  the 
number  of  units  of  heat  required  to  raise  the  temperature 
of  one  pound  of  the  substance  1°  C.  from  that  tempera- 
ture. 

The  number  of  units  of  heat  required  to  raise  the  tempera- 
ture of  a  body  1°  C.  -is  called  its  CAPACITY  FOE  HEAT. 

BG.  From  these  definitions  it  will  be  seen  that  the 
specific  heat  of  a  body  depends  only  on  the  kind  of  matter 
of  which  it  is  composed,  and  the  physical  conditions  under 
which  it  is  placed,  while  the  capacity  for  heat  of  a  body 
is  also  proportional  to  the  amount  of  matter  it  contains. 
The  fact  that  equal  volumes  of  different  metals  have 
different  capacities  for  heat  may  be  shown  FIG.  6. 
experimentally  by  heating  a  number  of 
equal  spherical  balls  of  different  metals, 
say  copper,  iron,  tin,  zinc,  lead  and  bismuth, 
to  100°  C.,  and  then  laying  them  on  a  thin 
cake  of  wax.  The  copper  ball  will  quickly 
melt  its  way  through  the  wax,  and  be 
followed  almost  immediately  by  the  iron 
ball;  the  copper  preceding  the  iron  because, 
though  its  specific  heat  is  only '095,  while  that 
of  iron  is  *113  (per  unit  of  mass),  yet  the 
density  of  the  copper  is  greater  than  that  of 
the  iron,  and  the  copper  also  more  readily 
allows  of  the  passage  of  heat  fron  its  in- 
terior. Shortly  after  the  iron,  the  zinc  ball, 
whose  specific  heat  is  '0955,  will  fall,  while 
the  lead,  whose  specific  heat  is  '03,  and  the  tin,  whose 
specific  heat  is  '056,  will  perhaps  be  unable  to  melt  their 
way  through,  and  the  bismuth  ball,  whose  specific  heat  is 
nearly  the  same  as  that  of  lead,  but  whose  density  is  much 
less,  will  only  make  a  comparatively  shallow  impression  in 
the  wax. 

The  metal  balls  are  heated  together  in  an  oil-bath,  all 
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of  them  bsing  hung  from  a  small  wire'  frame,  by  means 
of  which  they  are  simultaneously  removed  and  placed  011 
the  cake  of  wax. 

37.  Referring  to  the  properties  of  water  mentioned  in 
Art.  33,  it  will  be  seen  that  the  specific  heat  of  water  is 
nearly  unity,  if  its  temperature  be  not  much  above  0°  C., 
but  at  higher  temperatures   its  specific   heat   is   rather 
greater  than  unity.      It  continues  to  increase   with  the 
temperature.     (Art.  52.) 

38.  Measurement  of  Heat.     The  operation  of  mea- 
suring quantities  of    heat    is    called  calorimetry  ;  and  an 
instrument  adapted  to  this  purpose  is  called  a  calorimeter. 

The  process  of  determining  the  specific  heat  of  a  sub- 
stance consists  in  finding  the  amount  of  heat  required  to 
produce  a  given  change  of  temperature  in  a  known 
mass  of  the  substance,  and  is  therefore  an  operation  in 
calorimetry.  We  shall  now  describe  some  of  the  methods 
usually  adopted  for  measuring  quantities  of  heat. 

THE    METHOD    OF    MIXTURE. 

39.  An  illustration  of  this  method  has  already  been 
given,  when  we  showed  how  to  prove  experimentally  that 
the  amount  of  heat  required  to  raise  the  temperature  of 
a  pound  of  water  from  1°  C.  to  2°  C.  was  equal  to  the 
amount  required  to  raise  an  equal  mass  of    water  from 
0°  C.  to  1°  C.     It  consists  essentially  in  mixing  together 
known  quantities  of  two  substances  at  different  tempera- 
tures, the  specific  heat  of   one  of  which  is  known,  and 
determining  the  temperature  of  the  mixture.      In  most 
cases  water  is  taken  as  the  substance  whose  specific  heat 
is  known ;  the  other  substance  may  be  a  liquid  or  a  solid, 
but  it  must  not  act  chemically  on  the  water.    The  method 
will  be  best  understood  by  taking  another  example. 

40.  Suppose   we  wish  to  determine  the  specific  heat 
of  copper.     We  weigh   out  a   convenient    quantity,   say 
50  grains,  of  copper,  and  suspend  it  by  a  fine  thread  in 
the  steam  above  the  surface  of  water  boiling  in  a  vessel 
almost  closed,  but  allowing  sufficient  means  of  egress  for 
the  steam  to  prevent  its  pressure  becoming  sensibly  greater 
than  that  of  the  atmosphere.     If  the  barometer  stand  at 
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30  inches,  the  copper  will  after  some  time  have  acquired 
a  temperature  of  about  100°  C.  "While  the  copper  is  being 
heated,  we  weigh  out  carefully  a  quantity  of  distilled 
water,  say  1000  grains.  This  is  placed  in  a  vessel  whose 
capacity  for  heat  is  small,  and  after  the  vessel  and  water 
have  acquired  the  same  temperature,  this  temperature  is 
very  carefully  observed.  Suppose  it  to  be  12°  C.  The 
copper  is  now  removed  from  its  hot  bath  and  plunged  as 
quickly  as  possible  into  the  cold  water,  where  it  is  moved 
up  and  down  by  means  of  its  suspension  thread,  until 
thermal  equilibrium  between  it  and  the  water  is  attained. 
(It  is  important  that  this  process  should,  require  as  short 
a  time  as  possible,  and  to  this  end  the  copper  should  not 
have  a  very  small  surface.  A  coil  of  copper  wire  answers 
the  purpose  very  well.)  The  temperature  of  the  water 
is  then  again  carefully  observed ;  and  the  time  elapsing 
between  the  immersion  of  the  copper  and  the  observation 
of  this  temperature  should  also  be  noticed.  Suppose  the 
temperature  to  be  15*7°  C.  The  ratio  of  the  mass  of  the 
copper  to  that  of  the  water  in  the  calorimeter  should,  if 
possible,  be  so  arranged  that  the  temperature  of  the  air 
in  the  room  is  intermediate  between  the  first  arid  last 
observed  temperatures  in  the  calorimeter,  and  somewhat 
nearer  to  the  latter  than  the  former.  This  can  be  insured 
if  the  specific  heat  of  copper  be  known  approximately. 
The  loss  of  heat  by  radiation  and  conduction  from  the 
instrument  will  then  be  corrected  by  a  nearly  equivalent 
gain,  but  in  extremely  accurate  measurements  this  must 
be  determined  and  allowed  for.  This  condition  would  be 
fulfilled  in  the  case  we  are  considering,  if  the  temperature 
of  the  air  in  the  room  were  14°  C.  or  15°  C.,  or  even 
somewhat  higher.  Now,  if  we  neglect  the  capacity  for 
heat  of  the  vessel  containing  the  water,  we  have  sufficient 
data  to  obtain  a  rough  approximation  to  the  specific  heat 
of  copper.  The  number  of  degrees  of  temperature  lost 
by  the  500  grains  of  copper  is  100-15-7,  or  84*3  ;  and  the 
heat  leaving  the  copper  serves  to  heat  1000  grains  of 
water  3*7°  C.,  and  would  therefore  heat  500  grains  of 
water  7'4°  C.  The  mean  specific  heat  of  copper  between 
the  temperatures  15'7°  C.  and  100°  C.  is  therefore 

--  =  'C877... according  to  this  measurement. 
o4'o 
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41.  The  result  just  obtained  is,  obviously,  too  small, 
because  we  have  neglected  the  heat  taken  up  by  the  vessel 
containing  the  water,  when  the  temperature  of  the  latter 
is  raised.  In  order  to  determine  this  approximately,  wo 
may  refill  the  vessel  with  cold  water,  and  after  allowing 
it  to  stand  for  a  considerable  time,  observe  its  temperature. 
Suppose  it  again  to  be  12°  C.  Now  empty  the  vessel  as 
thoroughly  as  possible,  and  place  in  it  1000  grains  of  water 
at,  say,  15°  C.,  this  temperature  being  accurately  observed 
before  pouring  the  water  into  the  vessel.  After  this  has 
stood  for  some  time,  say  rather  less  than  the  time  above 
referred  to,  let  the  temperature  be  again  observed.  Sup- 
pose it  to  be  14'77°  C.  Now  the  amount  of  water  at 
12°  C.,  which  must  be  mixed  with  1000  grains  at  15°  C. 
to  reduce  the  whole  to  14-77°  C.  is  about  83  grains.  The 
presence  of  the  vessel  then  is  equivalent  to  increasing 
the  amount  of  water  from  1000  to  1083  grains.  Making- 
allowance  for  this,  we  see  from  the  results  just  obtained, 
that  the  amount  of  heat  required  to  raise  the  temperature 
of  500  grains  of  copper  84'3  degrees  will  raise  1083  grains 
of  water  3*7  degrees;  and  will  therefore  raise  the  tempera- 
ture of  500  grains  of  water 

3-7  x  1083\° 


The  mean  specific  heat  of  copper  between   15'7C  C.  and 
100°  C.  is  therefore 

3-7  x  1083  _.Q95 
500  x  84-3 
This  result  is  very  nearly  correct. 

As  another  example  of  this  method,  the  student  may 
take  the  following  :  — 

1000  grammes  of  mercury  at  100°  C.  are  mixed  icith 
1000  grammes  of  water  at  15°  C.  contained  in  a  vessel  which, 
on  account  of  its  capacity  for  heat,  is  equivalent  to  an 
increase  of  100  grammes  in  the  quantity  of  water  within  it. 
The  resulting  temperature  is  17'5°  C.  Find  the  specific  heat 
of  mercury.  Ans.  '033. 

42.  Notwithstanding  the  precautions  we  have  men- 
tioned and  the  corrections  we  have  applied,  there  are 
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still  some  sources  of  error  incidental  to  the  above  method 
which  continue  to  vitiate  our  results.  Two  notable 
sources  of  error  are  (1)  the  condensed  steam  which  clings 
to  the  substance  and  is  conveyed  with  it  into  the  calori- 
meter, thus  increasing  the  apparent  value  of  the  specific 
heat,  and  (2)  the  loss  of  heat  while  passing  from  the 
heater  into  the  calorimeter.  Both  these  sources  of  error 
are  eliminated  in  the  following  method,  which  will  be 
found  to  give  tolerably  accurate  results.  The  apparatus 

FIG.  7. 


is  represented  in  Fig.  7.  The  calorimeter,  (7,  is  a  cylin- 
drical vessel  made  of  thin  copper  and  polished  or  electro- 
plated on  the  outside,  in  order  to  diminish  radiation  from 
the  surface.  This  is  suspended  by  silk  strings  within  a 
second  copper  vessel,  D,  which  is  polished  or  plated  on 
the  inside,  so  as  to  reflect  any  radiation  it  may  rreceive 
from  the  calorimeter.  This  vessel  is  closed  by  a  lid 
having  in  its  centre  a  hole  sufficiently  large  to  allc  w  the 
body  whose  specific  heat  is  to  be  measured  to  pass  through 
it  into  the  calorimeter.  By  this  means  the  loss  oi  heat 
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from  the  calorimeter  is  reduced  to  a  minimum,  while  the 
temperature  of  the  copper  vessel,  (7,  never  differs  sensibly 
from  that  of  the  water  within  it,  and  the  heat  absorbed 
by  it  can  therefore  be  accurately  determined  and  'added 
to  that  absorbed  by  the  water.  The  heater,  which  is  a 
modification  of  that  of  Regnault,  consists  of  a  thin  copper 
tube  AB,  surrounded  by  a  large  tube  EF,  the  space 
between  them  being  closed  at  the  top  and  bottom,  but 
communicating  at  E  with  a  steam  boiler,  while  at  F  there 
is  a  tuba  for  the  escape  of  the  steam.  The  whole 
apparatus  rests  upon  a  board,  and  is  capable  of  turning 
about  the  vertical  pillar  GH,  which  serves  as  a  guide, 
when  it  is  required  to  bring  the  opening  of  the  tube 
vertically  over  the  hole  K  in  the  board,  in  order  to  drop 
the  substance  into  the  calorimeter.  For  this  purpose  the 
latter  is  quickly  brought  under  the  hole  K  and  removed 
again  as  soon  as  possible,  the  board  in  the  meanwhile 
serving  to  screen  the  calorimeter  from  radiation  from  the 
steam-jacket.  The  tube  AB  is  open  at  the  bottom,  the 
board  itself  serving  to  close  it  except  when  it  is  brought 
over  the  hole  A":  but  the  top  is  closed  by  a  cord,  through 
which  passes  a  thermometer  T,  and  a  glass  tube  of  very 
iine  bore,  which  admits  the  passage  of  a  fine  silk  thread 
by  which  the  body,  P,  to  be  heated  is  suspended.  When 
the  steam  has  been  turned  on,  it  should  be  allowed  to 
blow  through  the  steam-jacket  for  some  time  after  the 
thermometer  has  become  perfectly  steady,  in  order  to 
ensure  the  body  P  having  the  same  temperature  as  the 
thermometer  throughout  its  substance.  The  temperature 
of  the  water  in  C  having  been  observed,  the  calorimeter 
is  quickly  brought  beneath  the  hole  K,  while  the  tube 
AB  is  brought  over  it,  and  the  body  P  lowered  into  the 
water  by  means  of  the  thread.  The  calorimeter  is  then 
removed  and  the  measurement  completed  as  in  the  case 
above  described. 

It  is  worthy  of  notice  that  the  thermometer  and  body 
to  be  heated  will  never  quite  attain  the  temperature  of 
the  steam,  because  they  are  not  completely  surrounded  by 
the  steam-jacket.  The  inner  chamber  in  which  they  are 
placed,  is  closed  above  by  the  india-rubber  cork  and  below 
by  the  board,  and  neither  of  these  substances  attains  the 
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temperature  of  the  steam.  Hence  the  thermometer  and 
the  suspended  body  will  lose  heat  by  radiation  to  them, 
and  will  thus  always  be  at  a  temperature  below  that  of 
the  surrounding  steam. 

THE    METHOD    OP    FUSION. 

43.  If  we  mix  together  1  Ib.  of  water  at  79°  C.  with 
1  Ib.  of  water  at  0°  C.,  we  obtain  2  Ibs.  of  water  at  very 
nearly  39*5°  C.  If,  however,  we  mix  together  1  Ib.  of 
water  at  79°  C.  with  1  Ib.  of  ice  at  0°  C.,  we  obtain  2  Ibs.  of 
water  at  0°  C.  From  this  we  see  that  in  order  to  melt 
1  Ib.  of  ice  at  0°  C.,  without  changing  its  temperature,  we 
require  as  much  heat  as  would  raise  1  Ib.  of  water  79°  C. ; 
in  other  words,  we  require  79  units  of  heat.  This  number, 
79,  is  called  the  latent  lieat  of  water,  or  the  latent  heat  of 
fusion  of  ice,  and  will  be  more  fully  discussed  in  a  subse- 
quent chapter  ;  it  is  introduced  here  because  this  property 
of  ice  is  made  the  basis  of  the  construction  of  several  in- 
struments for  measuring  quantities  of  heat,  known  as  ice 
calorimeters,  two  of  which  we  shall  now  describe.  We 
must  so  far  trespass  upon  the  matter  of  subsequent 
chapters  as  to  state,  that  while 
pure  ice  is  melting  under  ordinary 
pressure,  the  temperature  of  the 
ice  and  water  remains  accurately 
at  0°  C.  till  the  whole  of  the  ice  is 
melted,  a  fact  of  which  we  have 
already  availed  ourselves  in  de- 
termining the  freezing  point. 

44.  The  calorimeter  of  Laplace 
and  Lavoisier  consists  of  three 
vessels.  The  inner  vessel  A  is 
formed  of  thin  copper  and  con- 
tains the  heated  body.  This  is 
placed  in  the  interior  of  a  larger 
vessel,  J5,  which  forms  the  calori- 
meter proper,  the  space  between 
them  being  filled  with  broken  ice, 
and  this  again  is  placed  within  a 
still  larger  vessel,  also  packed  with 
broken  ice  to  prevent  absorption  of  heat  from  surrounding 
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bodies  by  the  calorimeter  proper.  A  small  pipe  passes 
through  the  outer  vessel  from  the  bottom  of  the  calori- 
meter proper,  and  serves  to  convey  the  water  from  B  into 
a  vessel  placed  for  its  reception.  Now  since  B  is  sur- 
rounded by  ice  at  0°C.,  the  ice  within  it  can  only  melt  by 
taking  up  the  heat  which  passes  from  the  body  in  A  ;  and 
since  1  Ib.  of  ice  requires  79  units  of  heat  to  melt  it,  we 
can  determine  the  amount  of  heat  which  leaves  the  body 
in  J.,  by  weighing  the  water  which  falls  into  the  vessel 
D.  The  body  in  A  is,  of  course,  finally  reduced  to  the 
temperature  of  the  ice  in  B  ;  that  is,  to  0°  C.  The  pipe 
F  simply  conveys  away  the  waste  water  from  the  ice 
jacket  produced  by  the  heat  absorbed  from  surrounding 
bodies. 

45.  Suppose  the  body  in  A  to  be  500  grains  of  copper 
originally  at  100°  C.,  and  suppose  that  the  flow  of  water 
from  B  ceases  when  60  grains  have  escaped.  We  know 
that  the  temperature  of  the  copper  is  then  0°C.  Now 
the  heat  required  to  convert  60  grains  of  ice  at  0°  C.  into 
water  at  the  same  temperature  would  raise  79  x  60  grains, 
or  4740  grains,  of  water  1°  C.  Hence  the  heat  lost  by 
500  grains  of  copper  in  cooling  from  100°  C.  to  0°  C. 
would  raise  4740  grains  of  water  1°  C.  The  mean  specific 
heat  of  copper  between  0°  C.  and  100°  C.  is  therefore 
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46.  The  action  of  Bun- 
sen?s  calorimeter  depends 
on  the  fact  that  ice  con- 
tracts considerably  when 
melting,  and  the  water 
continues  to  diminish  in 
volume  as  its  temperature 
increases  between  0°  C. 
and  4°  C.  It  consists  of  a 
vessel,  ^4,  containing  water, 
into  the  upper  part  of 
which  a  test-tube,  J5,  is 
sealed,  and  the  whole 
vessel  is  thus  closed  ex- 
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cept  for  the  -fine  tube,  (7,  which  is  graduated,  and, 
together  with  the  lower  part  of  J.,  filled  with  mer- 
cury. When  the  instrument  is  to  be  used,  it  is  immersed 
in  melting  snow  or  ice  till  the  temperature  of  the  water 
has  fallen  to  0°C.,  when  a  quantity  of  alcohol,  cooled  con- 
siderably below  the  freezing-point  by  a  mixture  of  ice 
and  salt,  is  made  to  circulate  through  the  test-tube.  This 
causes  a  layer  of  ice  to  be  formed  round  the  test-tube, 
while  the  mercury  is  forced  along  the  tube  0  on  account 
of  the  expansion  of  the  water  in  freezing.  Sometimes 
ether  is  placed  in  the  test-tube  and  a  current  of  cold  air 
blown  through  it,  which  causes  evaporation  to  take  place 
so  rapidly  that  the  temperature  falls  below  the  freezing- 
point.  The  alcohol  or  ether  is  then  removed,  and  cold 
water  is  placed  in  the  test-tube,  and  when  it  has  attained 
a  temperature  of  0°  C.,  as  indicated  by  the  surface  of  the 
mercury  in  the  tube  C  becoming  stationary,  the  position 
of  the  surface  in  C  is  observed.  The  body  whose  capacity 
for  heat  is  to  be  measured,  having  been  heated  to  100°  C. 
in  steam,  is  now  placed  in  the  test-tube  B.  This  heats 
the  water  in  B,  which  in  its  turn  communicates  the  heat 
to  that  in  J.,  thus  melting  some  of  the  ice  and  causing 
the  surface  of  the  mercury  in  G  to  move.  The  decrease 
in  the  volume  of  the  contents  of  A  is  measured  by  the 
movement  of  the  mercury  in  (7,  and  thus  the  amount  of 
ice  melted  in  A  can  be  found.  Also  no  heat  can  have 
entered  A  except  from  the  test-tube,  since  it  is  surrounded 
by  melting  snow,  and  nearly  all  the  heat  lost  by  the  body 
in  B  will ,  enter  J.,  for  most  of  the  water  in  B  being  at 
0°C.,  since  water  contracts  in  volume  as  its  temperature 
rises  from  0°C.  to  4°  C.,  that  warmed  by  the  hot  body  is 
heavier  than  the  rest,  and  does  not  rise  to  the  surface. 
The  amount  of  ice  melted  in  A  therefore  enables  us  to 
measure  the  heat  lost  by  the  body  in  B  in  cooling  from 
100°  C.  to  0°  C.  Several  measurements  can  be  made  with 
the  instrument  without  again  freezing  the  water  which 
surrounds  the  tube. 

If  the  area  of  the  cross  section  of  the  tube  C  is  accu- 
rately known,  the  amount  of  heat  communicated  to  the 
contents  of  the  calorimeter  can  be  at  once  determined  by 
measuring  the  distance  through  which  the  surface  of  the 
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mercury  in  the  tube  recedes.  Thus  a  gramme  of  ice 
occupies  about  1090  cubic  millimetres,  and  contracts  on 
melting  into  little  more  than  1000  cubic  millimetres  of 
water.  Hence  a  diminution  of  volume  of  90  millimetres 
corresponds  to  the  melting  of  one  gramme  of  ice  or  to  the 
acquisition  of  79*25  gramme-centigrade  units  of  heat.  If 
the  section  of  the  tube  be  a  square  millimetres,  and  the 
surface  of  the  mercury  recede  through  I  millimetres,  this 

will  correspond  to   the   addition  of  79'25  gramme- 

tj\) 

centigrade  units  of  heat  to  the  calorimeter.  In  British 
units  a  contraction  of  a  cubic  inch  corresponds  to  nearly 
32  pound-centigrade  units  of  heat. 

Instead  of  determining  the  section  of  the  tube  (7,  it  is 
very  usual  to  calibrate  it  directly  so  as  to  correspond  to 
heat  units.  This  may  be  conveniently  done  by  intro- 
ducing into  the  test-tube  a  small  body  whose  capacity 
for  heat  is  accurately  known  and  whose  temperature  has 
been  carefully  determined.  Thus  14  grains  of  copper 
heated  to  15°  C.,  and  dropped  into  the  test-tube,  would  give 
almost  exactly  20  units  of  heat,  and  the  copper  might  be 
removed  and  re-heated  to  15°  C.  any  number  of  times, 
until  the  whole  length  of  the  tube  C  had  been  divided 
into  sections  each  corresponding  to  20  grain-centigrade 
units  of  heat.  At  a  temperature  of  15°  C.  there  would  be 
no  necessary  loss  of  heat  by  the  copper  in  being  trans- 
ferred to  the  calorimeter. 

47.  An  improved  method  of  employing  Bunsen's  calo- 
rimeter has  recently  been  suggested.  Instead  of  employ- 
ing a  long  tube  calibrated  throughout  its  length,  the 
tube  C  is  bent  over  and  the  end  rounded  off,  while  the 
bore  is  made  to  terminate  in  a  very  fine  aperture.  The 
end  of  the  tube,  which  is  completely  filled  with  mercury, 
is  made  to  dip  into  a  small  cup  of  mercury,  which  is 
weighed  before  and  after  each  experiment,  and  as  the 
ice  melts,  more  mercury  enters  the  calorimeter  through 
the  aperture  at  the  end  of  the  tube.  The  amount  of 
mercury  thus  entering  is  determined  by  the  loss  of  weight 
of  the  cup  of  mercury.  Every  grain  of  mercury  entering 
the  instrument  corresponds  to  nearly  65  grain-centigrade 
units  of  heat. 
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48.  Regiiault's     Calorimeters.      Other    forms    of 
calorimeters  have  been  employed  for  the  measurement  of 
the  specific  heats  of  gases  and  liquids.     The  most  perfect 
are  those  devised  by  Regnault.     In  order  to    determine 
the  specific  heat  of  a  gas  at  constant  pressure,  he  made 
a  known  quantity  pass  from  a  holder  through  a  metal 
u  worm  "  which  was  immersed  in  heated  oil.     In  this  it 
acquired  the  temperature  of  the  oil,  and  thence  it  passed 
through  a  complicated  metal  vessel  immersed  in  the  water 
of  the  calorimeter.  Here  it  acquired  the  same  temperature 
as  the  water,  while  the  temperature  of  the  latter  was 
gradually  raised.    The  temperature  of  the  water  being  ob- 
served at  the  commencement  and  close  of  the  experiment, 
after  making  proper  correction  for  the  capacity  of  the 
apparatus,  the  number  of  units  of  heat  given  up  by  the 
gas  to  the  calorimeter  could  be  found.     Now  all  the  gas 
was  heated  to  the  temperature  of  the  oil,  while  the  tem- 
perature to  which  ifc  was  cooled  in  the  calorimeter  was 
variable.     Since,   however,  the  temperature  of  the  calo- 
rimeter must  have  increased  almost  uniformly,  the  result 
was  the  same  as  if  the  whole  of  the  gas  had  been  cooled 
to  the  temperature  which  is  the  arithmetical  mean  of  the 
initial  and  final  temperatures  of  the  calorimeter.     Know- 
ing the  mass  of  the  gas,  we  have  now  sufficient  data  for 
the  calculation  of  its  specific  heat. 

49.  The  principal  peculiarity  of  Regnault's  calorimeter 
for  liquids  is  the  artifice  for  preventing  loss  of  heat  by 
the  liquid  on  account  of  exposure  in  passing  from  tho 
bath   in   which   it   is   heated  to  the    calorimeter.     This 
consists  in  forcing  the  liquid,  by  means  of  atmospheric 
pressure,  from  the  vessel  in  which  it  is  heated,  and  which 
is  immersed  in  a  hot  bath,  through  a  tube  into  a  vessel 
immersed  in  the  water  of  the  calorimeter,  the  latter  in- 
strument being  prevented  from  receiving  heat  directly 
from  the   hot   bath,  to  which  it  is  placed  very  close,  by 
means  of  a  screen. 

We  may  observe  that  in  the  case  of  substances  which, 
like  water,  are  known  in  the  solid,  liquid,  and  gaseous 
states,  the  specific  heat  of  the  liquid  is  greater  than  that 
of  either  the  solid  or  the  gas,  provided  the  volume  of  the 
gas  be  unchanged. 
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50.  Method  of  Cooling.  The  method  of  cooling  is 
chiefly  valuable  for  determining  the  specific  heats  of 
liquids.  The  apparatus  required  is  two  copper  vessels, 
very  similar  to  the  calorimeter,  with  its  surrounding 
vessel,  described  in  Art.  42 ;  only  in  this  case  the  outside 
of  the  inner  vessel  and  the  inside  of  the  outer  vessel  are 
coated  with  lamp-black,  to  make  the  one  radiate  and  the 
other  absorb  radiation  as  readily  as  possible.  The  liquid 
whose  specific  heat  is  to  be  determined  is  heated  and 
placed  in  the  inner  vessel ;  the  aperture  in  the  lid  of  the 
outer  vessel  is  closed  by  a  cork  through  which  passes  a 
thermometer,  whose  bulb  dips  into  the  liquid  in  the  inner 
vessel,  and  a  stirrer  by  which  the  liquid  is  stirred,  and 
thus  maintained  at  the  same  temperature  throughout. 
The  outer  vessel  is  immersed  in  a  large  bath  of  water  at 
the  temperature  of  the  room.  The  time  taken  by  the 
liquid  in  the  inner  vessel  to  cool  through  each  successive 
degree  is  then  observed  and  noted.  After  the  cooling  has 
been  continued  through  a  sufficient  number  of  degrees  to 
make  it  possible  to  practically  eliminate  errors  of  observa- 
tion, the  liquid  is  removed,  and  water  at  the  same  tem- 
perature as  the  liquid  at  first  possessed  is  poured  into  the 
inner  vessel,  care  being  taken  that  the  vessel  is  filled  by 
the  water  to  exactly  the  same  height  as  by  the  other 
liquid.  This  is  easily  secured  if  the  specific  gravity  of  the 
other  liquid  be  known,  as  it  is  then  easy  to  estimate  the 
weight  of  water  required.  The  time  taken  by  the  water 
to  cool  through  each  successive  degree  is  then  observed, 
and  compared  with  the  time  taken  by  the  other  liquid  in 
cooling  through  the  same  degree  on  the  thermometer  scale. 
The  ratio  of  these  two  times  is  taken,  and  should  be  the 
same  for  each  degree.  Errors  of  observation  will,  how- 
ever, cause  the  ratios  to  be  slightly  different,  and  the 
mean  of  all  should  be  taken  as  the  true  ratio.  Since  the 
rate  at  which  heat  will  be  lost  by  the  lamp-black  surface 
is  always  the  same  at  the  same  temperature  (Chap.  IX.), 
it  follows  that  the  heat  lost  by  the  copper  vessel  and  its 
contained  liquid  in  cooling  through  a  particular  degree  is 
proportional  to  the  time  occupied  in  the  cooling.  Hence 
the  ratio  of  the  capacity  for  heat  of  the  copper  vessel  and 
the  former  liquid  to  the  thermal  capacity  of  the  same 
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vessel  and  the  water  is  known  from  the  experiment. 
Also  the  water  equivalent  of  the  copper  vessel  is  known. 
Hence  the  thermal  capacity  of  the  liquid  is  at  once  de- 
termined. 

Suppose,  for  instance,  that  the  water  equivalent  of  the 
copper  vessel  is  100  grains,  and  that  it  contains  in  the 
first  instance  1840  grains  of  concentrated  sulphuric  acid, 
(which  must  not  be  too  highly  heated  in  contact  with 
copper),  and  suppose  that  the  time  taken  to  cool  one 
degree,  when  the  acid  is  replaced  by  an  equal  volume  of 
water  (1000  grains),  is  1*5  times  as  long  as  in  the  case  of 
the  acid.  The  thermal  capacity  of  the  vessel  and  water 
is  equivalent  to  that  of  1 100  grains  of  water ;  the  thermal 
capacity  of  the  vessel  and  acid  is  two-thirds  of  this,  and 
is  therefore  equivalent  to  that  of  733  grains  of  water.  Of 
this  the  water  equivalent  of  the  copper  is  100  grains  ; 
therefore  the  water  equivalent  of  1840  grains  of  sulphuric 
acid  is  633  grains,  and  the  specific  heat  of  the  acid  is ; 
therefore  '344.  A  platinum  vessel  covered  with  lamp- 
black would  be  preferable  to  a  copper  vessel  for  this 
purpose. 

51.  The  following  table  gives  the  specific  heat  of 
some  well-known  substances.  The  numbers  given  of 
course  represent  the  mean  specific  heats  of  the  various 
bodies  between  certain  limits  of  temperature  employed 
in  the  experiments.  These  temperatures  are  given  in 
the  third  column. 

T^BLE    OF    SPECIFIC    HEATS    OF    METALS,    ETC. 

(REGNAULT). 

Centigrade. 

Bismuth          -03084  98°— 13° 

Lead '03140  98°— 15° 

Platinum         '03243  99°— 12° 

Gold -03244  98°— 12° 

Mercury          ...         ...  '03332  98°— 12° 

Antimony  ...  '05077  97°— 12° 

Tin       '05623  99°— 12° 

Silver -05701  99°— 13° 

Copper  -09515  98°— 15° 

Zinc  -09555  99°— 14° 
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Centigrade. 

Iron     -11380  98°— 17° 

Sulphur  (native)        ...  -17760  99°— 14° 

„        (recently  melted)    '20259  98°— 14° 

Phosphorus     -18870  30°— 10° 

Graphite         -20083  98C— 12° 

Aluminium     -21430  97°— 14° 

Magnesium     -24990  98°— 23° 

Lithium           -94080  100C— 27° 

Brass '09391  98°— 12° 

Glass -18768  99°— 14° 

TABLE    OF    SPECIFIC    HEATS    OF    LIQUIDS. 

Centigrade. 

Bromine  -107  45°— 11° 

Sulphuric  acid  -343  46°— 21° 

Ether  -503  

Alcohol  -615  4P/-230 

SPECIFIC   HEATS    OF    GASES   (AT    CONSTANT    PRESSURE). 

Air  '2374  Sulphurous  anhydride  -1544 

Oxygen         -2175  Carbonic  anhydride  '2163 

Nitrogen       *2438  Carbonic  oxide  -2450 

Hydrogen  3'4090  Nitrous  oxide  -2438 

Chlorine       -1210  Steam  -4805 

In  the  case  of  the  more  perfect  gases,  the  specific  heat 
at  constant  pressure  varies  inversely  as  the  density  ;  so 
that  the  capacity  for  heat  per  unit  volume  is  nearly  the 
same  for  all  gases. 

52.  As  a  general  rule  the  specific  heats  of  liquids,  as 
stated  in  Art.  50,  are  greater  than  those  of  either  gases  or 
solids,  and  the  specific  heat  increases  with  the  temper- 
ature. Thus  the  specific  heat  of  water  at  0°  C.  being 
taken  as  unity,  its  specific  heat  at  50°  C.  is  1*0042;  at 
100°  C.,  1-013  ;  and  at  200°  C.,  1-044.  The  specific  heat  of 
ice  at  temperatures  near  the  freezing-point  is  about  -504. 

For  full  practical  details  on  calorimetry,  the  student 
should  consult  Glazebrook  and  Shaw's  Practical  P 
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5).>.  The  methods  described  in  this  chapter  only 
enable  us  to  measure  quantities  of  heat  which  pass 
from  one  body  to  another,  the  receiving  body  being  the 
water,  or  ice,  of  the  calorimeter ;  they  will  not  enable  us 
to  form  any  idea  of  the  whole  amount  of  heat  contained 
in  a  body,  because  we  cannot  get  the  whole  of  the  heat 
to  pass  out  of  any  body  into  another,  and  if  we  could  the 
amount  would  depend  upon  the  manner  in  which  the 
heat  is  abstracted  ;  whether,  for  instance,  the  body  is 
allowed  to  expand  and  do  work,  or  whether  it  contracts 
and  has  work  done  upon  it  by  some  agent  external  to 
itself.  Consequently,  if  we  speak  of  the  whole  amount 
of  heat  contained  in  a  body,  we  use  a  phrase  to  which 
we  can  assign  no  meaning,  and,  as  the  student  will  learn 
after  studying  the  effects  of  heat  upon  gases,  the  amount 
of  heat  required  by  a  body  to  cause  it  to  pass  from  one 
given  temperature  to  another,  frequently  varies  consider- 
ably with  the  conditions  as  to  pressure,  etc.,  to  which  it 
is  subject,  and  is  not  a  definite  quantity  unless  these 
conditions  be  specified,  though  its  variations  are  usually 
extremely  small  in  such  cases  of  liquids  and  solids  as  we 
have  generally  to  deal  with.  It  was  on  account  of  these 
considerations,  that  in  first  introducing  heat  as  a  measur- 
able quantity,  we  did  not  say  that  the  whole  amount  of 
heat  contained  in  two  pounds  of  water  at  1°  C.  was  equal 
to  twice  the  amount  contained  in  one  pound  at  the  same 
temperature,  but  spoke  of  the  amount  of  heat  required 
to  raise  different  quantities  of  water  from  1°C.  to  2  C. 
under  given  conditions.  Since,  in  the  cases  of  water  and 
most  other  liquids  and  solids,  the  amount  of  heat  required 
to  produce  a  given  change  of  temperature  varies  very 
slightly  with  ordinary  variations  of  external  circum- 
stances, the  words  in  italics  are  generally  omitted  ;  but 
this  statement  will  not  apply  to  gases. 


CHAPTER  III. 

SOCECES    OF    HEAT. 

54.  WE  have  seen  that  one  effect  of  heat  upon  bodies 
is,  in  general,  to  increase  their  temperature,  and  in  Chap- 
ter  I.  we   have   seen   how   to   measure   temperature   in 
degrees  of  an  arbitrary  scale,  while  in  the  last  chapter 
we  discussed  the  measurement  of  quantities  of  heat.    We 
must  now  briefly  enumerate  the  most  frequent  sources 
of  heat  with  which  we  are  acquainted,  and  then  consider 
the  effects  of  heat  upon  bodies. 

55.  The  principal  sources  of  heat  are, — 

(I)  Radiant  energy. 

(II)  Chemical  action  (including  combustion}. 

(III)  Mechanical  sources,  such  as  the  energy  of  a  me- 
chanical  system   converted    into    heat    by   doing    work 
against  friction,  viscosity,  pressure  (as  in  cases  of  impact), 
etc.,  or  by  otherwise  producing  any  change  in  the  form 
or  volume  of  an  imperfectly  elastic  body. 

(IV)  Electric  currents,  including  those  currents  which 
are  of  very  short  duration,  and  which  are  more  generally 
known  as  electric  discharges,  such  as  lightning  flashes. 

(V)  The  magnetization  and  demagnetization  of   iron  or 
other  magnetic  substances. 

(VI)  Change  of   state,    such    as    the    condensation   of 
vapours,    solidification  of  liquids,  crystallization,   or   the 
passage  from  one  crystalline  form  to  another. 

(VII)  The  internal  heat  of  the  earth  differs  from  the 
preceding   sources,   inasmuch  as  the   heat  exists  in  the 
earth  as  heat  before  it  comes  under  our  notice,  and  is 
therefore  not  a  source  from  which  heat  is  produced,  but 
simply  a  store  from  which  it  is  derived.     Volcanic  heat 
has   been   applied   to  commercial   purposes   in   the  pre- 
paration of  borax. 
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56.  (I)  Of  the  above    sources  of  heat  the   radiation 
from  the  sun  is   by  far  the   most   important.     Radiant 
energy  produces  different  effects  according  to  the  nature 
of  the  body  which  receives  it.     If  it  fall  upon  sensitized 
photographic  paper  or  plates,  it   decomposes   the   silver 
salt ;  if  it  fall  upon  our  eyes,  it  in  some  cases  produces  the 
sensation  of  light ;  but  by  far  the  most  common  effect  is 
the  production  of  heat,  an  effect  of  which  we  are  at  once 
conscious  if  we  stand  in  the  sunshine,  or  in  front  of  a 
fire.     The  nature  and  laws  of  radiation  will  be  discussed 
more  at  length  hereafter. 

57.  (II)  Chemical  action  is  generally  accompanied  by 
the  production  or  the  absorption  of  heat.     When  light  is 
also  produced,  the  action  is  frequently  called  combustion. 
The   amount   of   heat    produced    depends   only   on    the 
quantities,  character,   and  conditions  of  the   reagents  at 
the  beginning  and  end  of  the  operation,  if  no  energy  is 
abstracted   from,    or   given  to,  the  substances  by  other 
systems.    Thus  a  certain  amount  of  heat  will  be  produced 
by  the  combustion  of  two  pounds  of  hydrogen  in  oxygen, 
forming  18  pounds  of  water ;  and  if  39  pounds  of  potas- 
sium be  brought  into  contact  with  the  water  so  formed, 
one  pound  of  hydrogen  will  be  liberated,  and  56  pounds 
of    caustic    potash   will   be    produced,    while   a   certain 
additional  amount  of  heat  will  be  generated ;  but   the 
whole  quantity  of  heat  produced  in  the  two  operations  is 
the  same  as  if  39  pounds  of  potassium  and  one  pound  of 
hydrogen  had  been  allowed  to  combine  directly  with  16 
pounds  of  oxygen  and  with  each  other.     But  while  the 
whole  amount  of  heat  which  can  be  obtained  from  any 
chemical  action,  when  the  acting  substances  are  cooled 
down  to  their  original  temperature,  depends  only  on  the 
quantity  of  the  substances  combining,  and  on  the  charac- 
ter of  the  action,  the  temperature  produced  depends  upon 
the  initial  temperatures  of   the  substances,  and  on  the 
capacity  for  heat  of  the  products  among  which  the  heat 
is  distributed.     For  example,  if  hydrogen  burn  in  air,  the 
heat  generated  is  divided  between  the  aqueous  vapour 
produced  and  the  nitrogen  of  the  air ;  but  if  it  burn  in 
pure  oxygen,  the  whole  of  the  heat  is  at  first  confined  to 
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the  aqueous  vapour  produced;  and  hence  the  oxy-hydro- 
geii  ilame  is  capable  of  readily  fusing  platinum,  and  of 
producing  a  much  higher  temperature  than  can  be 
produced  by  hydrogen  burning  in  air. 

58.  Regenerator  Furnaces.     The  influence  of  the 
initial  temperature  of  the  combining  substances  on  the 
temperature  produced  is  seen  in  the  effects  of  the  hot 
blast  as  applied  to  blow-pipes  and  blast  furnaces,  and  to 
the  Siemens  furnace.     In  the  last-mentioned  furnace  the 
products   of  combustion  are  conducted  into   a  chamber 
partly  filled  with  fire  bricks,  between  which  they  have 
to  pass  before  escaping  up  the  shaft,  and  in  this  manner 
the  bricks  are  heated  to  redness.     The  draught  is  then 
turned  aside  into  a  second  similar  chamber,  while  the 
air  supplied  to  the  furnace  is  made  to  pass  through  the 
heated  chamber,  and  when  the  second  chamber  has  be- 
come sufficiently  heated,  the  draught  is  again  reversed, 
so  that  all  the  air  supplied  to  the  furnace  is  raised  to  a 
high  temperature  without  employing  any  other  than  the 
waste  heat  of  the  furnace  itself.     This  furnace  has  been 
employed  in  the  manufacture  of  steel  by  the  Siemens- 
Martin  process,  which  consists   in  fusing  wrought  iron 
with  such  a  quantity  of  cast  iron  as  shall  provide  the 
requisite  amount  of  carbon  for  the  steel. 

This  same  principle  of  the  regenerator  has  been  applied 
by  Sir  Wm.  Siemens  to  gas-lamps  for  street  lighting  and 
other  purposes.  In  these  lamps  the  air,  before  reaching 
the  gas  name,  is  made  to  pass  through  tubes  heated  by 
the  flame  itself,  and  thus  the  temperature  of  the  flame  is 
raised,  while  the  intensity  of  the  light  is  greatly  increased 
and  its  tint  rendered  more  white. 

59.  Temperature  of  Ignition.     In  order  to  cause 
two  substances  to  burn  together,  it  is  generally  necessary 
to  raise  them  above  a  certain  temperature.     If  the  tem- 
perature produced  by  their  combination   be  sufficiently 
high   to   inflame   them,    combustion   will   continue,    but 
otherwise  it  will  cease.     The  temperature  produced  by 
ammonia  gas  burning  in  air  is  insufficient  to  ignite  it,  so 
that  the  combustion  cannot  be  maintained  without  an 
external  supply  of  heat,   but  in  pure  oxygen  ammonia 
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will  continue  to  burn.     The  heat  of  animals  is  due  to  the 
combination  of  their  food  with  the  oxygen  of  the  air. 

GO.     Heat   developed  by   Chemical    Rearrange- 
ments.    In  many  cases  large  quantities  of  heat  are  pro- 
duced by  a  new  chemical  or  molecular  arrangement  of 
the    constituents   of    a   compound,   which   is   frequently 
highly   explosive.      Thus,    in   nitroglycerine,    and   sonie 
other  similar  compounds,   the  oxygen  of  the  nitric  acid 
readily  leaves  the  nitrogen,  and  combines  with  the  carbon 
and  hydrogen  ;  and  as  every  atom  of  carbon  and  hydrogen  C^  ~ 
in  the  compound  has  the  oxygen  requisite   for  its  com- 
bustion  in    close   proximity,    since   the    whole    forms   a 
homogeneous  chemical  compound,  it  is  possible  for  the^ 
transformation  to  take  place  throughout  a  considerable  f° 
mass  of  the  material  in  an  excessively  short  time,  and 
large  volumes  of  gas  being  thus  almost  instantaneously 
produced  at  a  very  high  temperature,  the  explosion  is 
proportionately  violent.  K In  the  case  of  gunpowder,  the  , 
sulphur,  carbon,  and  nitre ''are  only  mechanically  mixed,  y  £„ 
so  that  the  carbon  and  sulphur  have  some  distance  to  go  ,/ 
for  the  oxygen,  and  the  powder  can  therefore  only  burn 
s'.owty,  and  cannot  detonate. 

In  other  cases  a  physical  rather  than  a  chemical  re-w.^ 
arrangement  of  molecules  takes  place  with  the  production  ^ 
of  heat.     Some  examples  of  this  will  be  cited  hereafter  ;  ^ 


such,  for  example,  as  the   crystallization  of  salts     rom-, 
their  solutions,  and  the  sudden  passage  of  red  phosphorus 
into  the  yellow  variety  if  too  highly  heated. 

Occasionally  great  heat  is  produced  by  the  simple  . 
decomposition  of  a  compound,  the  constituents  of  which 
have  no  affinity  for  one  another  under  the  conditions  to 
which  they  are  exposed  at  the  time,  having  been,  made 
to  unite  under  very  different  circumstances.  Nitrogen 
ter-chloride,  and  ter-iodide,  and  some  of  the  compounds 
of  chlorine  and  oxygen,  are  illustrations  of  compounds 
which  evolve  great  heat  by  simple  decomposition,  and 
which  decompose  with  explosive  violence. 

61.  Calorimetry.  Many  calorimeters  have  been 
devised  for  the  purpose  of  measuring  the  heat  produced 
by  chemical  action,  especially  by  the  combustion  of 
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different  fuels,  in  which  case  the  measurement  is  of  con- 
siderable commercial  importance.  In  most  of  these  in- 
struments the  products  of  combustion  are  made  to  pass 
through  a  long  pipe  immersed  in  water  in  the  calori- 
meter, and  the  change  of  temperature  of  the  water  is 
observed.  The  heating  effect  of  a  fuel  may  be  expressed 
by  the  number  of  units  of  heat  produced  by  the  com- 
bustion of  a  pound  of  the  fuel.  It  is,  however,  frequently 
stated  in  terms  of  the  number  of  pounds  of  water  at 
100°  C.  which  can  be  converted  into  steam  at  the  samo 
temperature  by  the  combustion  of  one  pound  of  the  fuel  ; 
and,  as  will  be  stated  more  fully  hereafter,  to  convert  a 
pound  of  water  at  100°  C.  into  steam  at  the  same  tem- 
perature, requires  as  much  heat  as  would  raise  the  tem- 
perature of  about  536  pounds  of  water  from  0°  C.  to  1°  C. 

62.  In  the  calorimeter  devised  by  Mr.  Lewis  Thompson 
of  Newcastle-upon-Tyne,  which    is  sometimes  employed 
for  comparing  the  calorific  powers  of  different  varieties  of 
coal,  the  coal  is  finely  powdered,  mixed  with  about  fifteen 
times  its  weight  of  a  mixture  of  nitre  and  potassic  chlorate, 
placed  in  a  crucible  within  a  diving  bell,  and  ignited  by 
a  slow  match  after  lowering  the  diving  bell  into  a  vessel 
containing  a  known  quantity  of  water.     The  products  of 
combustion,  escaping  from  the  bottom  of  the  bell,  bubble 
up  through  the  water,  and  are  thereby  cooled  nearly  to 
the  temperature  of  the  water  itself,  which  temperature  is 
observed  before  and  after   the   combustion  of  the  coal. 
The  heat  absorbed  by  the  vessel,  the  diving  bell,  etc..  is 
estimated  and  added  to  that  absorbed  by  the  water ;  the 
total  representing  the  heat  developed  by  the  combustion 
of  the  coal  employed.     "With  this  apparatus  it  is  difficult 
to  secure  the  complete  combustion  of  the  coal ;  but  though 
it  may  not  be  trusted  for  exact  determinations  of  the 
absolute    amount   of  heat   developed  by  the   coal,  it   is 
sufficiently  accurate  for  the  comparison  of  the  values  of 
different  kinds  of  coal  as  fuel. 

63.  In  the  experiments  of  Favre  and  Silbermann,  the 
combustion  was  carried  on  in  a  chamber  made  of  gilded 
copper  plate,  and  the  oxygen,  which  had  been  previously 
purified,  was  supplied  through  a  tube,  while  the  products 
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of  combustion  escaped  through  a  long  narrow  tube  which 
was  wound  several  times  round  the  outside  of  the  vessel. 
The  progress  of  the  combustion  was  watched  through  a 
window  composed  of  a  triple  disc  of  glass,  alum,  and 
quartz  to  prevent  loss  of  heat  by  radiation.  The  com- 
bustion chamber,  with  its  surrounding  coil  of  tube,  was 
immersed  in  water  contained  in  a  copper  vessel  forming 
the  calorimeter,  which  was  silver  plated  on  the  outside. 
This  was  surrounded  by  a  second  vessel,  silver  plated  on 
the  inside,  and  the  space  between  filled  with  swans'  down. 
The  calorimeter  was  closed  by  a  cover  through  which  a 
stirrer  passed.  The  silver  plating  served  to  prevent  loss 
or  gain  of  heat  by  radiation.  The  second  vessel  was 
surrounded  by  a  third  vessel,  the  intermediate  space 
being  filled  with  water  to  prevent  variations  of  the  tem- 
perature of  the  air  affecting  the  apparatus. 

64.    Calorific  Power  of  Various  Substances.    The 

amounts  of  heat  developed  by  the  combustion  in  oxygen 
of  one  pound  of  some  substances  are  given  in  the  follow- 
ing table  :— 

HEAT  OF  COMBUSTION  IN  OXYGEN. 


Substance. 

Units  of  heat 
evolved. 

Observer. 

Hydrogen 

(33808     Andrews 
\34462     Favre  and  Silbermann 

Wood  charcoal 

f  7900 
{  8080 

Andrews 
Favre  and  Silbermann 

Sulphur 

2307  i  Andrews 

Phosphorus 

5747 

5> 

Zinc 

1301 

?J 

Iron 

1576 

)) 

Copper 

603 

»» 

Carbonic  oxide 

/  2403 
\  2431 

Favre  and  Silbermann 
Andrews 

Marsh  gas 

13108 

?? 

Ethylic  alcohol 

/  6850 
|  7184 

)j 
Favre  and  Silbermann 

Welsh  coal 

about  8241 

Newcastle  coal 

„      8220 

Derbyshire  coal 

„      7733 

Wood  (dried  in  air) 

„      3547 

a 
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From  this  table  it  will  be  seen  that  the  heat  developed 
by  the  combustion  of  one  pound  of  coal  is  capable  of  con- 
verting between  14  and  15  pounds  of  water  at  100°  C.  into 
steam  at  the  same  temperature. 

There  are  two  points  of  importance  which  are  indicated 
by  this  table.  The  heat  developed  by  the  combustion  of 
1  Ib.  of  pure  carbon  may  be  taken  as  8000  units.  The 
table  shows  that  the  heat  developed  by  1  Ib.  of  carbonic 
oxide,  CO,  in  burning  to  carbonic  anhydride,  C02,  is  about 
2400  units.  Now,  only  three-sevenths  of  the  pound  of 
carbonic  oxide  consists  of  carbon  ;  hence  a  pound  of  carbon 
when  already  combined  with  1£  Ib.  of  oxygen,  will,  in 
combining  with  an  additional  1^  Ib.  of  oxygen,  so  as  to 
pass  from  CO  to  C02,  develop  5600  units  of  heat.  But  a 
pound  of  carbon  in  burning  directly  to  C02  develops  only 
8000  units  of  heat;  hence  a  pound  of  carbon  in  combin- 
ing with  its  first  1J  Ib.  of  oxygen  to  form  CO  can 
develop  only  2400  units  of  heat,  though  it  produces  5600 
units  in  combining  with  the  second  equivalent  of  oxygen. 
Carbonic  oxide,  therefore,  possesses  about  seven-tenths  of 
the  calorific  power  of  the  carbon  it  contains.  Hence  the 
great  calorific  power  of  blast  furnace  gases. 

The  table  indicates  that  the  calorific  power  of  marsh 
gas  may  be  taken  as  13100,  and  that  of  hydrogen  as 
34000.  Now,  1  Ib.  of  marsh  gas  contains  12  ozs.  of  carbon 
and  4  ozs.  of  hydrogen.  The  calorific  value  of  12  ozs. 
of  carbon  is  6000  units  of  heat,  and  that  of  4  ozs.  of 
hydrogen  8500  units  of  heat ;  so  that  from  its  composition 
we  might  expect  the  calorific  power  of  marsh  gas  to  be 
14500,  instead  of  13100,  as  experiment  shows  it  to  be. 
The  difference,  1400  heat  units,  represents  the  work 
which  has  to  be  done  in  order  to  decompose  the  marsh 
gas, — that  is,  to  separate  the  carbon  from  the  hydrogen 
before  either  can  combine  with  the  oxygen. 

65.  These  results  indicate  that  the  ultimate  analysis 
of  a  fuel  is  not  a  safe  guide  to  its  calorific  power.  In  esti- 
mating the  calorific  power  of  coal  from  its  ultimate  analy- 
sis, it  is  usual  to  suppose  that  the  oxygen  contained  in  the 
coal  is  in  combination  with  its  due  portion  of  hydrogen, 
forming  water,  and  that  the  rest  of  the  hydrogen  is  com- 


CALORIFIC   POWER   OF    COAL.  49 

binecl  with  carbon,  as  marsh  gas.  These  hypotheses  will 
generally  give  a  result  somewhat  below  the  truth. 

For  example,  we  may  take  a  sample  of  Newport  steam 
coal  containing  in  100  parts  : 

Carbon  8147 

Hydrogen  4'97 

Nitrogen  1*03 

Oxygen  5*23 

Sulphur  1-10 

Ash  5-51 

The  oxygen,  if  combined  with  hydrogen,  will  have 
associated  with  it  -67  parts  out  of  the  4'97  parts,  thus 
leaving  4'3  parts  of  hydrogen  to  be  in  combination  with 
the  carbon,  while  the  5*9  parts  of  water  formed  by  the 
oxygen  and  hydrogen  have  no  calorific  power.  The  4*3 
parts  of  hydrogen,  if  in  the  form  of  marsh  gas,  will  be  in 
combination  with  12'9  parts  of  carbon,  forming  17*2  parts 
of  marsh  gas,  and  leaving  68-57  parts  of  free  carbon. 
Taking  100  Ibs.  of  coal  we  have  : 

68'57  Ibs.  of  carbon,  giving      548560  heat  units, 

17-2  Ibs.  of  marsh  gas    „  225320     „         „ 

1-1  Ib.  of  sulphur        „  2530     „         „ 

in  all,  776410  heat  units,  or  about  7764  heat  units  per 
pound  of  coal.  This  corresponds  to  an  evaporative  power 
of  nearly  14^  Ibs.  of  water  at  100°  C.  converted  into  steam 
at  the  same  temperature,  but  it  is  somewhat  below  the 
calorific  power  of  either  the  Welsh  or  Newcastle  coal 
given  in  the  table.  Had  all  the  hydrogen  in  the  above 
sample  of  coal  been  free,  its  calorific  power  would  have 
been  8232  heat  units,  and  its  evaporative  power  about 
15-4. 

In  a  very  good  steam  boiler  a  pound  of  good  steam  coal 
will  produce  from  9  to  10  pounds  of  steam  at  a  tempera- 
ture of,  say,  150°  C.,  the  temperature  of  the  feed  water 
being  about  50°  C.  This  corresponds  to  an  efficiency  on 
the  part  of  the  boiler  of  from  67  to  75  per  cent.  The  rest 
of  the  heat  developed  is  lost,  mainly  with  the  products  of 
combustion  passing  up  the  shaft. 

66.    Loss  of  Heat  in  Chimney  Draught.    One  very 

G.  H.  E 
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important  consideration  in  connection  with  steam  boilers 
is  the  amount  of  air  necessary  for  the  combustion  of  the 
coal,  and  the  consequent  loss  of  heat  through  the  products 
of  combustion.  If  forced  draught  be  employed,  whether 
the  draught  is  produced  by  a  steam  blast  or  fan,  there  is 
no  reason  why  the  products  of  combustion  should  not  be 
cooled  down  almost  to  the  temperature  of  the  water  in  the 
boiler,  provided  that  it  is  possible  to  introduce  into  the 
boiler  sufficient  heating  surface.  But  when  a  chimney  is 
relied  upon  for  the  production  of  the  draught,  it  is  neces- 
sary that  the  products  of  combustion  should,  on  entering 
the  chimney,  possess  a  sufficiently  high  temperature  to 
create  the  necessary  draught.  This  temperature  will  be 
less  the  higher  the  chimney,  provided  that  the  diameter 
of  the  shaft  is  sufficient  to  render  its  own  friction  of  small 
importance.  If  a  chimney  is  too  short  or  too  small  in 
diameter,  a  great  waste  of  heat  is  entailed  in  producing 
the  necessary  draught ;  and  it  should  be  noticed  that  for 
this  purpose  each  additional  unit  of  heat  employed  is  less 
effective  than  the  preceding  until  the  temperature  in  the 
chimney  is  about  320°  C.,  when  the  draught  is  a  maximum 
if  the  resistance  is  due  only  to  the  chimney.  It  is  there- 
fore of  great  importance  properly  to  design  the  chimney 
of  a  boiler-house,  so  that  the  resistance  of  the  chimney 
may  be  small  in  comparison  with  that  of  the  fires  and  the 
flues  or  tubes. 

67.  For  example,  in  the  case  of  the  steam  coal  referred 
to  above,  2'53  Ibs.  of  oxygen  would  be  required  for  the 
complete  combustion  of  each  pound  of  coal.  This  means 
almost  exactly  12  Ibs.  of  air ;  but  as  it  is  impossible  to 
remove  the  whole  of  the  oxygen  from  the  air  in  an 
ordinary  furnace,  it  will  be  found  necessary  to  supply 
about  14  Ibs.  of  air  per  pound  of  coal  to  secure  satisfactory 
combustion.  If  we  suppose  the  air  to  enter  the  furnace 
at  a  temperature  of  12°  C.,  and  to  enter  the  chimney  at 
360°  C.,  and  if  we  further  suppose  the  capacity  for  heat 
of  the  products  of  combustion  to  be  the  same  as  that  of 
the  entering  air,  we  have  for  the  number  of  units  of  heat 
employed  in  heating  the  products  of  combustion  of  ea^.li 
pound  of  coal,  and  escaping  up  the  chimney,  348  x  14  x  -24, 
that  is,  1169*28;  or.  of  the  7764  heat  units  produced, 
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about  15  per  cent,  is  lost  with  the  escaping  products  of 
combustion. 

68.  Unless  the  air  supply  is  very  carefully  regulated, 
it  will  be  found  that  considerably  more  than  14  Ibs.  of  air 
will  pass  through  the  furnace  for  every  pound  of  coal 
consumed.     Sometimes  the  amount  of  air  exceeds  26  Ibs. 
per  pound  of  coal,  and  if  the  temperature  of  the  "  uptake  " 
is  very  high,  as  is  usually  the  case  with  forced  draught, 
the   loss   of  heat  in   the   escaping    gases  becomes   very 
serious. 

The  difference  between  the  pressure  due  to  the  heated 
gases  in  the  chimney,  and  that  of  a  column  of  atmospheric 
air  of  the  same  height  at  the  temperature  of  the  surround- 
ing air,  is  the  pressure  which  drives  the  air  through  the 
furnace,  overcomes  the  friction  of  the  flues  and  chimney 
shaft,  and  communicates  to  the  air  the  velocity  with 
which  it  is  finally  discharged.  By  employing  a  shaft  of 
sufficient  diameter  the  velocity  of  the  issuing  gases  and 
the  friction  of  the  shaft  can  be  made  very  small.  The 
principal  resistance  to  be  overcome  then  is  that  of  the 
furnace  bars,  the  fires,  and  the  boiler  flues  or  tubes.  As 
a  rule,  a  pressure  equivalent  to  about  *6  inch  of  water  is 
an  efficient  working  pressure  ;  but  of  course  this  depends 
very  much  on  the  design  of  the  boiler.  After  reading- 
Chapter  V.,  the  student  will  be  able  to  show  that  if  the 
height  of  the  chimney  above  referred  to  be  90  feet,  and 
the  mean  temperature  of  the  gases  in  it  be  350°  C.,  their 
density  being  supposed  to  be  the  same  as  that  of  air  at 
the  same  temperature,  the  effect  of  the  chimney  will  be 
equivalent  to  a  water-gauge  of  *72  inch. 

69.  (Ill)   Mechanical  Sources  of   Heat.     Of  the 

mechanical  sources  of  heat,  friction  is  perhaps  the  best 
known.  A  very  common  experiment  consists  in  making 
a  button  hot  by  rubbing  it  against  a  form,  and  it  is  no 
rare  occurrence  for  a  railway  axle  to  become  red-hot 
through  the  supply  of  grease  becoming  exhausted,  or 
otherwise  failing  in  its  duty.  The  bearings  of  the  rollers 
employed  in  rolling  bar  iron,  and  which  are  subject  to 
very  great  pressure,  are  kept  cool  by  a  stream  of  water 
continually  running  over  them,  and  this  also  serves  to 
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lubricate  the  surfaces.  Most  persons  have  observed  the 
sparks  which  fly  from  beneath  the  wheels  of  a  brake-van 
when  the  brake  is  applied  so  as  to  prevent  their  rotation. 
If  a  small  brass  tube  be  filled  with  water  and  corked,  and 
be  then  made  to  rotate  rapidly  while  it  is  squeezed  be- 
tween two  pieces  of  wood,  the  heat  caused  by  the  friction 
will  soon  cause  the  water  to  boil,  and  to  violently  eject 
the  cork.  Count  Rumford  raised  the  temperature  of  18-77 
pounds  of  water,  besides  a  large  quantity  of  metal,  from 
15°  C.  to  100°  C.  in  2J  hours  by  means  of  the  friction  of  a 
blunt  borer  in  a  gun-metal  cylinder.  (See  Chapter  XI.) 
If  a  piece  of  tin  be  bent  in  opposite  directions  in  rapid 
succession,  a  crackling  noise  is  heard  and  a  great  amount 
of  heat  generated. 

70.  Heat  is  developed  when  work  is  clone  by  com- 
pressing a  substance,  whether  the  pressure  act  for  a  long- 
time or  for  an  exceedingly  short  time,  though  in  the  for- 
mer case  the  heat,  having  a  long  time  in  which  to  escape, 
does  not  always  make  itself  manifest.    A  few  blows  with  a 
hammer  will  raise  the  temperature  of  a  piece  of  lead  very 
considerably,  and  a  dexterous  smith  may  heat  a  small  piece 
of  iron  to  redness  by  hammering  it.    The  splinters  which 
fly  from  a  flint  when  struck  by  a  piece  of  hard  steel  are 
often  at  a  white  heat.     The  impact  of  a  chilled  iron  shot 
on  an  iron  target  produces  a  great  amount  of  heat  to- 
gether with  a  bright  flash  of  light.     If  air  contained  in 
a  cylinder  be  suddenly  compressed  by  the  descent  of  a 
piston,  it  may  be  readily  heated    sufficiently  to  ignite 
German  tinder,  or  the  vapour  of  bisulphide  of  carbon, 
previously  introduced  into  the  cylinder.     When  a  drop  of 
bisulphide  of   carbon  has    been  introduced,  the  sudden 
compression  of  the  air  is  accompanied  by  a  bright  flash  of 
light, 

71.  That  heat  is  developed  when  work  is  done  against 
the  resistance  of  a  body  to  torsion  is  readily  shown  by 
the   following   experiment.     A  brass  tube,  four   or  five 
inches  in  length  and  about  fths  of  an  inch  in  diameter, 
is  soldered  at  both  ends  to  cross-pieces,  one  of  which  is 
drilled  through  so  that  the  bulb  of  a  thermometer  may 
be  inserted  into  the  tube.     One  of  the  cross-pieces  being 
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fixed  in  a  vice,  the  other  is  rapidly  turned  through  a  few 
degrees  in  opposite  directions  successively.  The  heat 
generated  in  continually  reversing  the  torsional  strain 
produces  in  a  few  minutes  a  very  appreciable  rise  of  tem- 
perature in  the  brass  tube,  which  is  rendered  apparent  on 
the  insertion  of  the  thermometer. 

The  heating  effect  of  a  direct  shearing  strain  is  conspi- 
cuous in  the  punching  of  holes  in  boiler  or  other  plates, 
and  in  the  shearing  of  iron  bars.  Generally  the  newly 
sheared  surfaces  are  far  too  hot  to  be  touched,  by  the 
hands. 

72.  There   are   a   few   bodies   which   contract    when 
heated,  and   expand   on   cooling.      Such    bodies  become 
heated  when  caused  to  expand  by  an  external  agent,  and 
heat  is  absorbed    by  them  on  contracting.      A  piece  of 
stretched   india  -  rubber   when    heated   contracts   in   the 
direction  of  its  tension.     This  may  be  easily  shown  by 
suspending  a  weight  by  means  of  an  india-rubber  tube, 
a  small  piece  of  glass  or  metal  tube  being    inserted  at 
each  end  in  order  that  a  string  may  be  attached  without 
closing   the    tube.      If    a    current   of    steam    be    blown 
through,  the  india-rubber  will  contract,  thus  raising  the 
weight,  and  will  expand  again  as  the  tube  cools.     For 
the  success  of   this  experiment   it  is  necessary  that  the 
tube  should  be  new  and  in  good  condition.     Tubes  which 
have  been  exposed  for  some  months  to  the  air  will  not 
show  the  effect.     New  red  rubber  tubing  answers  very 
well.     If  a  piece  of  india-rubber  be  suddenly  stretched 
and  applied  to  the  face  of  a  thermo-pile,*  heat  will  be  at 
once  indicated;  while  if  the  rubber  be  allowed  to  contract, 
exerting  tension  all  the  time,  the  face  of  the  thermo-pile 
in  contact  with  it  will  be  cooled. 

Whenever  a  body  expands  on  being  heated,  heat  will 
be  generated  if  it  is  compressed  by  an  external  agent;  but 
if  the  body  contract  when  heated,  heat  will  be  generated 
by  forcibly  causing  it  to  expand. 

73.  Whenever  work  is  done  or  energy  lost  by  a  me- 

*  See  Chapter  VII. 
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chanical  system,  and  there  is  no  form  of  energy  other 
than  heat  into  which  it  can  be  converted,  the  whole  of 
the  work  so  done  or  energy  so  lost  has  its  equivalent  in 
heat  generated  in  the  system.  This  is  true  whether  the 
bodies  we  are  dealing  with  are  large  or  molecular,  so  that 
we  may  expect  heat  to  be  generated  whenever  a  state  of 
strain  in  any  body  is  relieved. 

74.  (IV)  Heat  from  Electrical  Energy.  When- 
ever an  electric  current  is  sent  through  any  resistance, 
heat  is  produced.  Dr.  Joule  has  shown  that  the  heat 
produced  is  proportional  to  the  product  of  the  resistance 
and  the  square  of  the  current.  If  a  strong  current  be 
sent  through  a  wire  of  considerable  resistance,  but  whose 
capacity  for  heat  is  very  small,  the  temperature  of  the 
wire  will  be  very  much  raised,  and  it  is  easy  in  this  way 
to  fuse  a  few  inches  of  fine  platinum  wire  by  the  current 
from  two  or  three  Grove's  cells.  Electric  lights  illus- 
trate the  same  effect.  A  current  may  be  produced  by 
causing  a  coil  of  wire  to  rotate  between  the  poles  of  a 
magnet,  and  when  the  ends  of  the  coil  are  connected 
together  without  the  introduction  of  any  fine  wire,  the 
whole  of  the  heat  is  generated  in  the  coil  itself.  "When 
a  Grove's  or  bichromate  battery  has  its  poles  connected 
by  a  short  thick  copper  wire,  a  great  current  is  produced, 
and  a  quantity  of  heat  proportional  to  the  square  of  the 
current ;  but  nearly  the  whole  of  this  heat  is  produced  in 
the  cell  itself.  "When  a  piece  of  brass  or  copper  is  made 
to  spin  between  the  poles  of  a  powerful  magnet,  great 
resistance  to  the  motion  is  experienced,  and  heat  is  gener- 
ated on  account  of  electric  currents  induced  in  the  metal. 
If  iron  be  employed  instead  of  brass  or  copper,  the  iron 
becomes  magnetized  first  in  one  direction  and  then  in 
another,  and  the  successive  reversal  of  the  magnetization 
adds  to  the  heating  effect  (Hysteresis).  If  a  strongly 
charged  Ley  den  battery  be  discharged  through  a  fine 
metallic  wire  stretched  on  a  card,  say  a  foot  of  wire  -002 
inch  in  diameter,  the  wire  will  be  dissipated,  forming 
a  beautiful  streak  on  the  card,  with  here  and  there  a" 
system  of  dark  lines  radiating  from  a  point  which  looks 
like  a  centre  of  explosion.  If  the  wire  be  covered  with 
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silk,  the  latter  will  remain  intact,  though  the  wire  is  dis- 
sipated between  the  threads. 

75.  The  amount  of  heat  generated  in  a  wire  is  always 
equal  to  the  product  of  the  current  and  the  electro-motive 
force  between  the  ends  of  the  wire  ;  that  is,  to  the  work 
done  by  the  battery,  or   other  source  of   current,  against 
the  resistance  of  the  wire. 

The  heat  generated  by  a  very  great  current  has 
recently  been  employed  for  the  welding  of  iron,  steel,  and- 
other  metals  ;  for  the  melting  of  steel,  platinum,  etc.,  and 
for  the  direct  reduction  of  aluminium  from  Bauxite.  If  a 
piece  of  stout  brass  wire  be  bent  into  a  circle,  so  as  to  em- 
brace the  core  of  a  Graulard  &  Gibbs'  transformer,  its  ends 
being  joined,  the  wire  will  be  heated  to  redness  by  the 
currents  induced  in  it.  Professor  Elihu  Thomson's  weld- 
ing machine  is  similar  to  this  apparatus  in  its  action.  A 
series  of  copper  bars  are  laid  together  and  bent  into  the 
form  of  a  horse-shoe,  the  ends  being  attached  to  heavy 
copper  clips  suitable  for  holding  the  bars  to  be  welded, 
and  provided  with  screws  by  which  the  ends  of  the  bars 
can  be  pressed  together.  Currents  of  several  thousand 
amperes  are  generated  in  this  horse-shoe,  and  pass  across 
the  junction  of  the  bars  at  which  the  weld  is  to  be  made, 
raising  the  ends  of  the  bars  to  a  welding  heat.  The 
currents  are  generated  by  means  of  comparatively  small 
alternating  currents  in  a  coil  of  a  great  many  turns  which 
lies  close  to  the  copper  horse-shoe,  the  induction  being 
increased  by  a  considerable  mass  of  soft  iron  wire  wound 
transversely  round  the  coil  and  the  horse-shoe. 

76.  When  an  electric  current  passes  across  the  junc- 
tion   of    dissimilar    metals,    heat    may  be    produced   or 
absorbed  according  to  the  direction  of  the  current.     This 
is  known  as  the  Peltier  effect.     When  a  current  passes 
along   a   metal,  the    temperature  of   which   varies  from 
point  to  point,  heat  may  be  absorbed  or  produced  accord- 
ing to  the  direction  of  the  current  and  the  character  of 
the  metal.     This  is  known  as  the  Thomson  effect.     (See 
Chapter  VII.) 

77.  (V)  If  the  rapidly  alternating  currents  from  an 
alternating  current  dynamo  be  sent  round  the  coil  of  an 
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electro-magnet,  the  iron  core  becomes  rapidly  heated,  but 
this  is  not  the  case  if  a  steady  current  of  the  same 
strength  as  the  alternating  currents  be  caused  to  floAV 
continuously  through  the  coils.  The  cause  of  the  heating 
is  partly  the  rapid  variation  of  the  magnetism  of  the 
iron,  but  is  mainly  due  to  currents  induced  in  the  iron 
core. 

In  all  well  designed  transformers  and  in  the  armatures 
of  dynamos,  the  iron  cores  are  built  up  of  thin  sheets  of 
iron  or  of  iron  wire  so  as  to  prevent  induced  currents  cir- 
culating in  them.  The  heating  of  the  core  is  then  clue 
almost  entirely  to  the  rapid  magnetization  and  demag- 
netization, of  the  cores,  an  effect  known  as  hysteresis.  It 
is  not  unusual  for  three  per  cent,  of  the  total  output  of  a 
transformer  to  be  lost  in  this  way,  and  sometimes  more 
than  one  per  cent,  of  the  power  given  to  a  dynamo  is  lost 
from  the  same  cause.  The  effect  is  less  the  softer  the  iron. 
It  is  very  great  with  hard  steel. 

78.  (VI)  Latent  Heat.    Whenever  heat  is  consumed 
during  any  transformation,  as  when  a  body  passes  from 
the  solid  to  the  liquid  state,  heat  will  be  produced  when 
the  transformation  takes  place  in  the  opposite  direction. 
Thus  heat  is  given  out  by  water  in  freezing,  and  if  100 
grains  of  steam  at  100°  C.  be  passed  into  536  grains  of 
water  at  0°  C.,  wTe  obtain  636  grains  of  water  at  100° ;  so 
that  the  steam  raises  the  temperature  of  the  water  by  the 
heat  it  emits  in  condensation  without  changing  its  own 
temperature. 

79.  Certain  saline  solutions,  such  as  a  solution  of  sodium 
sulphate,  if  saturated  at  a  high  temperature  and  allowed 
to  cool  in  a  closed  vessel,  or  in  a  flask  whose  neck   is 
plugged  with  cotton  wool,  can  be  reduced  to  the  ordinary 
temperature,  without  crystallization  taking  place  in  the 
same  way  as  it  would  if  the  solution  were  exposed.     On 
introducing   into   the   solution    when    cold  certain    sub- 
stances, some  of  which  are  always  to  be  found  in  the  air, 
but  the  nature  of  which  has  not  yet  been  clearly  made 
out,  a  mass  of  crystals  is  produced  extending  throughout 
the  solution,  and  the  temperature  rises  very  considerably. 
In  fact,  the  "super-saturated  solution,"  as  it  is  called,  is 
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in  a  state  of  strain,  and  this  strain  is  suddenly  relieved 
when,  crystallization  takes  place,  the  work  done  by  the 
crystallizing  forces  being  represented  by  the  heat  gene- 
rated. Water  which  has  been  freed  from  air  by  long 
boiling  may  be  cooled  considerably  below  the  freezing- 
point  without  congelation  ;  but  on  being  disturbed  a  net- 
work of  ice  crystals  is  formed  throughout  the  water  and 
heat  is  produced  (equivalent  to  the  latent  heat  of  the 
water  which  freezes),  while  the  temperature  is  raised  to 
0CC. 

80.  Iodide  of  mercury,  if  heated,  assumes  a  new  crystal- 
line form,  and  changes  its  colour  from  red  to  yellow.     It 
retains  this  form  when  cold    if   it  be  not  subjected  to 
mechanical  violence,  but  on  crushing  the  crystals  they 
change  to  the  red  variety  with  evolution  of  heat,  and  the 
change   spreads   gradually  throughout  the   whole   mass. 
Boiling  sulphur  poured  into  cold  water  assumes  a  plastic 
form,    and    can    be   stretched   like    india-rubber.      This 
material  gradually  changes  to  an  opaque  crystalline  mass, 
and  heat  is  evolved  during  the  transformation.     Some- 
times the  formation  of  each  crystal  "in  a  hot  saturated 
solution  of  salts  is  accompanied  by  a  flash  of  light. 

Yellow  phosphorus,  when  heated  nearly  to  its  boiling 
point,  and  maintained  at  this  temperature  for  several 
hours,  assumes  the  red  or  amorphous  condition,  and 
much  heat  is  absorbed  during  the  operation.  If  this  red 
phosphorus  be  heated  too  much,  it  returns  to  the  yellow 
variety  with  explosive  violence,  and  the  heat  absorbed 
during  the  former  transformation  is  restored. 

81.  Solar  Radiation.     If  we  trace  back  any  supply 
of  heat  as  far  as  possible,  we  find  that,  if  we  neglect  such 
unimportant  sources  as  meteors,  we  always  arrive  either 
at  the  internal  heat  of  the  earth,  the  earth's  motion  of 
rotation  converted  into  heat  by  the  intervention  of  the 
tides  and   machinery  driven  by  them,  or  the  radiation 
from  the  great  centre  of  our  system,  the  sun.     Take,  for 
example,  the  heat  generated  in  a  wire  through  which  an 
electric  current  due  to  a  zinc-carbon  battery  is  passing. 
The  heat  is  derived  from  the  energy  of  the  current,  which 
is  itself  derived  from  the  combination  of  the  zinc  with 
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the  exciting  liquid.  Now  this  energy  is  due  to  the 
attraction  of  the  zinc  for  certain  components  of  the  liquid, 
and  for  the  energy  of  this  attraction  the  zinc  is  indebted 
to  the  heat  which  separated  it  in  the  reducing  furnace 
from,  its  combination  with  oxygen,  etc.,  in  the  ore.  This 
heat  is  due  to  the  combustion  of  the  coal,  and  therefore 
to  the  attraction  which  the  coal  possesses  for  oxygen ;  and 
for  this  attraction  the  coal  is  indebted  to  the  energy  of 
the  solar  radiation,  which,  acting  through  the  machinery 
of  a  vegetable  organism,  separated  the  carbon,  etc.,  from 
combination  with  oxygen  at  the  time  when  the  trees 
grew  from  which  our  coal  has  been  produced. 

82.  It  is  very  easy  to  measure  the  total  energy  of  the 
solar  radiation  received  upon,  say,  one  square  foot  of  the 
earth's  surface  in  ten  minutes,  and  from  this  it  would  be 
easy,  if  the  sun's  distance  were  accurately  known,  to  calcu- 
late the  whole  amount  of  energy  radiated  by  the  sun  in 
any  given  time  if  there  were  no  absorption  by  the  earth's 
atmosphere.  It  is,  however,  very  difficult  to  estimate  the 
amount  of  this  absorption.  Comparisons  between  simul- 
taneous measurements  made  at  the  top  and  at  the  foot  of 
lofty  mountains,  and  between  measurements  made  at  the 
same  place  when  the  sun  is  high  in  the  heavens  and 
when  his  altitude  is  much  less,  have  served  to  indicate  on 
the  one  hand  the  absorption  of  the  lower  layers  of  the 
earth's  atmosphere,  and  on  the  other  the  effect  of  in- 
creasing the  thickness  of  the  layer  of  air,  but  it  is  difficult 
to  deduce  from  these  measurements  precisely  what  the 
effect  would  be  if  the  atmosphere  were  removed  alto- 
gether, because,  as  will  be  pointed  out  again  in  the  chap- 
ter on  radiation,  it  generally  happens  that  when  radiant 
energy  has  passed  through  a  certain  thickness  of  a 
medium,  the  rays  which  that  medium  can  most  readily 
absorb  become  filtered  out,  and  the  remaining  radiation 
passes  through  successive  layers  of  the  same  medium 
with  much  less  absorption.  Recent  experiments  con- 
ducted on  Mount  Whitney,  in  the  Sierra  Nevada,  where 
the  air  is  exceedingly  dry  and  transparent,  indicated  that 
the  absorption  by  the  air  was  much  greater  than  had 
previously  been  believed.  It  thus  appears  that  the  solar 
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radiation  is  equivalent  to  the  energy  of  combustion  of 
more  than  a  ton  of  coal  per  hour,  on  every  square  foot 
of  the  surface  of  the  sun's  photosphere.  With  a  forced 
draught  it  is  possible  to  burn  about  130  Ibs.  of  coal  per 
hour  on  every  square  foot  of  grate  in  a  marine  boiler. 
With  ordinary  draught  the  coal  consumed  is  not  more 
than  one-fifth  of  this  amount,  and  does  not  generally 
exceed  20  Ibs.  per  square  foot  of  grate  surface  ;  so  that  if 
all  the  heat  generated  in  the  furnace  of  an  ordinary 
steam  boiler  were  radiated  from  a  surface  equal  in  area 
to  the  grate,  the  radiation  would  scarcely  exceed,  if  it  did 
at  all  exceed,  one  per  cent,  of  the  radiation  from  an  equal 
area  of  the  sun's  photosphere.  The  heat  radiated  by  one 
square  foot  of  the  sun's  surface  is  distributed  on  the 
average  over  rather  more  than  four  acres  of  the  earth's 
surface, — the  equatorial  regions,  however,  getting  nearly 
double  the  average  share.  Thus,  taking  the  average  over 
the  earth's  surface,  it  would  require  the  consumption  of 
more  than  2000  tons  of  coal  per  acre  per  annum,  to 
supply  energy  equivalent  to  the  solar  radiation,  though  it 
must  be  admitted  that  a  considerable  part  of  the  solar 
energy  is  absorbed  by  the  air,  and  only  benefits  the  earth 
indirectly. 

83.  If  the  sun  were  a  solid  mass  of  coal,  and  oxygen 
for  its  combustion  were  supplied  from  some  other  source, 
the  heat  produced  would  supply  the  solar  radiation,  as  at 
present  taking  place,  for  only  about  5000  years.  Two 
other  possible  sources  of  the  sun's  energy  have  been 
suggested, — the  falling  of  meteoric  bodies  or  of  small 
planets  into  the  sun,  and  the  gradual  contraction  of  the 
sun  itself  under  its  own  gravitation.  The  determination 
of  the  mechanical  equivalent  of  heat  enables  us  to 
calculate  the  heat  generated  by  any  mass  falling  into  the 
sun  from  a  given  distance,  or  the  heat  equivalent  of  the 
work  done  by  the  gravitating  forces  if  the  sun's  mass 
contract  by  any  specified  amount.  How  far  the  first- 
mentioned  cause  is  efficient  may  be  judged  from  the  fact 
that  if  all  the  known  planets  were  to  fall  from  their  orbii  s 
into  the  sun,  the  heat  generated  would  supply  solar 
radiation  for  about  40,000  years.  In  the  possible  con- 
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traction  of  the  sun  itself  we  have  a  much  greater  reserve 
of  energy.  At  present  the  sun's  mean  density  is  only 
about  one-quarter  that  of  the  earth,  reckoning  the  surface 
of  the  photosphere  as  the  sun's  external  surface.  If  he 
were  to  contract  to  one-half  of  his  present  diameter,  and 
therefore  one-eighth  of  his  present  volume,  his  mean 
density  would  then  be  only  double  that  of  the  earth, 
while  the  work  done  by  gravitation  during  the  contrac- 
tion would  supply  energy  for  the  solar  radiation  for  more 
than  four  millions  of  years. 


CHAPTER  IV. 

EFFECTS    OF    HEAT    UPON   MATTER. 

84.  Solids  and  Fluids.  BODIES  may  be  divided 
into  two  classes,  solids  and  fluids. 

DEF.  A  solid  is  a  body  which  requires  a  finite  stress  to 
produce  a  finite  change  in  its  form  with  or  without  change  of 
volume. 

DEF.  A  perfect  fluid  is  a  body  whose  form  can  be  changed 
to  any  extent,  provided  its  volume  remain  constant,  by  the 
application  of  a  stress,  however  small,  if  we  allow  it  suffi- 
cient time. 

One  solid  is  said  to  be  more  rigid  than  another,  when, 
other  things  being  the  same,  it  requires  a  greater  stress 
to  produce  in  it  the  same  change  of  form.  A  solid  would 
be  perfectly  rigid  if  no  finite  stress,  however  great,  could 
produce  any  change  whatever  in  its  form  or  volume. 
We  know  of  no  body  perfectly  rigid  or  perfectly  fluid. 

As  illustrations,  we  may  refer  to  a  piece  of  hard  steel, 
which  requires  a  very  great  force  to  produce  a  permanent 
impression  upon  it ;  while  its  own  weight  is  sufficient  to 
make  any  quantity  of  water  acquire  the  form  of  the 
vessel  into  which  it  is  poured. 

A  body  is  said  to  be  elastic  when,  if  strained,  it  tends  to 
return  to  its  original  form  or  volume  after  the  constraint 
has  been  removed.  Fluids  are  elastic  for  changes  of 
volume  only,  and  have  no  tendency  to  assume  any  par- 
ticular shape.  (The  spheroidal  form  assumed  by  drops 
of  liquid  is  due  to  the  combined  action  of  gravity  and 
a  tension  of  the  surface  of  the  liquid,  known  as  surface 
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tension,  to  which  reference  has  already  been  made  in  de- 
scribing maximum  and  minimum  thermometers.  Capil- 
lary action  is  due  to  the  same  cause.) 

There  are  many  substances  which  occupy  a  kind  of 
intermediate  position  between  solids  and  liquids, —  as, 
for  example,  many  vegetable  gums,  etc., — and  are  called 
viscous. 

85.  Liquids  and  Gases.     Fluids   are   divided  into 
two  classes,  viz.,  liquids  and  gases. 

DEF.  A  liquid  is  a  fluid,  a  finite  portion  of  which  cannot 
be  made  to  occupy  more  than  a  certain  definite  volume, 
however  the  pressure  to  which  it  is  exposed  may  be  dimin- 
ished. 

DEF.  A  gas  is  a  fluid,  any  finite  portion  of  which  may 
be  made  to  occupy  any  space,  however  great,  by  sufficiently 
diminishing  the  pressure  to  which  it  is  exposed. 

For  example,  if  a  cup  of  olive  oil,  or  strong  sulphuric 
acid,  be  placed  under  the  receiver  of  an  air-pump,  the 
liquid  will  not  sensibly  change  its  volume,  however  perfect 
a  vacuum  may  be  formed  around  it ;  while  if  a  cubic  inch 
of  air  at  ordinary  pressure  be  allowed  to  enter  an  ex- 
hausted receiver  of  any  capacity,  the  air  will  expand  and 
completely  fill  the  receiver,  exerting  an  uniform  pressure 
all  over  its  surface,  as  may  be  shown  by  the  same  fall 
being  produced  in  columns  of  mercury  in  manometer  tubes 
communicating  with  tne  receiver  at  different  points.  This 
power  of  indefinite  expansion  is  the  essential  characteris- 
tic of  a  gas. 

86.  According  to  the  molecular  theory  of  gases  now 
generally  accepted,  we  may  perhaps  say  proved,  a  gas  con- 
sists of  perfectly  free  particles,  or  molecules,  moving  in  all 
directions  and  with  different  velocities,  but  such  that  the 
energy  due  to  the  motion  of  the  particles  in  any  sensible 
mass  of  the  gas  depends  only  on  the  temperature,  increas- 
ing with  it.     The  motion  of  each  particle  is  unaffected  by 
any  other  particle  except  when  very  close  indeed  to  it, 
when  the  particles  rebound  from  each  other  like  perfectly 
elastic  balls.     From  this  view  of  the  constitution  of  a  gas 
it  follows  that  any  finite  quantity  of  a  gas  will  expand 
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into  any  portion  of  space  to  which  it  has  free  access.  The 
pressure  exerted  by  a  gas  on  a  surface  in  contact  with  it 
is  due  to  the  repeated  impact  of  its  particles,  in  the  same 
way  as  the  pressure  exerted  by  a  jet  of  water  from  a  fire- 
engine  is  due  to  the  impact  of  the  several  particles  of  wrater 
in  the  jet.  The  pressure  is  of  course  increased  when  the 
velocity  is  increased,  and  in  the  case  of  the  fire-engine  jet 
is  proportional  to  the  square  of  the  velocity  if  the  sec- 
tional area  of  the  jet  be  given.  So,  in  the  case  of  gases,  the 
pressure  increases  with  the  velocity  of  the  particles,  being 
proportional  to  the  mean  square  of  the  velocity  ;  it  there- 
fore increases  with  the  temperature,  and,  as  we  shall  learn 
in  the  next  chapter,  is  proportional  to  the  temperature  as 
recorded  by  the  air  thermometer,  whose  zero  is  — 273°  C. 

87.  Expansion  by  Heat.     We  have  seen  that  the 
effect  of  the  entrance  of  heat  into  bodies  is  in  general  to 
increase  their  temperature,   and   this   is  usually  accom- 
panied by  increase  of  volume*  if  the  pressure  to  which 
they  are  subject  be  not  increased  so  as  to  prevent  it. 
Water  between  the  temperatures  of  0°  C.  and  4°  C.,  iodide 
of  silver,  baked  clay,  and  one  or  two  alloys,  are,  however, 
notable  exceptions  to  this  rule,  since  they  contract  on 
increase  of  temperature. 

Among  solids  the  metals  as  a  general  rule  expand  most 
for  a  given  increase  of  temperature,  but  ebonite  expands 
much  more  than  any  metal. 

DEF.  The  ratio  of  the.,  increase  in  length  of  a  bar  of  any 
substance,  due  to  an  increase  in  its  temperature  of  1°  C.,  to 
the  original  length  of  the  bar  at  0°  C.,  is  called  the  coefficient 
of  linear  expansion  of  the  substance. 

Thus,  if  the  length  of  a  bar  of  copper  is  one  foot  at  0°  C. 
and  r0017  feet  at  100°  C.,  its  mean  coefficient  of  expansion 
between  0°  C.  and  100°  C.  is  '000017  ;  for  if  the  expansion 
were  uniform  between  0°C.  and  100°  C.,  its  length  at  1°C. 
would  be  1-000017  feet,  and  the  ratio  of  the  expansion  to 
the  original  length  would  then  be  -000017. 

88.  The  linear  expansion  of  bars  may  be  conveniently 
measured  by  means  of  the  apparatus  shown  in  Fig.  10. 
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AB  is  a  bath  of  oil  or  water  which  can  be  heated  to  any 

F[G.  10.  required    temperature,    and    the 

\JT  temperature   observed  by  means 

of  a  thermometer.  CD  is  a  small 
bar  which  can  turn  about  a  centre 
at  (7,  and  carries  a  blunt  knife- 
edge  at  JJ,  resting  against  the  end 
K  of  the  bar  KL,  whose  expansion 
is  to  be  observed.  The  arm  CD 
carries  a  small  mirror  near  (7,  and  the  distance  between 
the  centre  of  motion  C  and  the  knife-edge  at  D  is  accu- 
rately known.  The  end  L  of  the  bar  KL  rests  against  a 
fixed  obstacle,  as,  for  instance,  the  end  of  the  vessel,  and 
the  centre  C  and  end  of  the  vessel  B  should  be  so  sup- 
ported that  the  distance  between  C  and  L  is  invariable. 
The  adjustment  should  be  so  made  that  during  the  ex- 
periment the  mean  position  of  the  line  CD  is  as  nearly  as 
possible  vertical.  A  ray  of  light  is  allowed  to  fall  on  the 
mirror  in  the  direction  EC,  which  remains  constant,  and 
is  reflected  along  CF,  forming  a  spot  of  light  on  a  scale 
conveniently  situated.  When  the  bar  KL  is  heated,  it  ex- 
pands, and  the  end  K  pushes  D  before  it,  since  L  is  fixed. 
This  causes  the  arm  CD,  and  with  it  the  mirror,  to  turn 
about  C,  the  reflected  ray  CF  consequently  being  deflected 
through  twice  the  angle  through  which  CD  turns.  This 
angle  is  indicated  by  the  deflection  of  the  spot  of  light  on 
the  scale,  and  hence  the  angle  through  which  CD  turns, 
and  therefore  the  distance  through  which  D  moves,  or  the 
linear  expansion  of  LK,  can  be  at  once  determined. 

This  method  is  similar  to  that  of  Lavoisier,  who  em- 
ployed a  telescope  attached  to  the  arm  CD  instead  of  the 
mirror,  and  through  it  observed  a  fixed  scale.  The  mirror 
has  the  advantage  of  being  much  lighter  than  the  tele- 
scope, and  therefore  more  easily  mounted,  while  it  deflects 
the  ray  through  twice  the  angle  through  which  it  turns. 

89.  In  order  to  make  accurate  measurements  with  the 
mirror,  a  horizontal  wire  should  be  stretched  in  front  of 
the  source  of  light,  and  a  lens  placed  between  the  wire  and 
the  mirror,  so  that  a  distinct  image  of  the  wire  is  thrown 
upon  the  graduated  scale.  The  scale  should  be  circular, 
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and  have  the  mirror  at  its  centre.  The  motion  of  the 
image  of  the  wire  will  then  at  once  indicate  the  angle 
through  which  the  mirror  is  turned. 

By  causing  the  end  B  of  the  bar  to  press  against  a 
micrometer  screw  inserted  in  the  end  of  the  trough,  we 
can  find  how  many  turns  of  the  screw  produce  the  same 
deflection  as  the  expansion  of  the  bar  when  heated,  and 
thus  determine  approximately  the  actual  expansion. 

90.  To  show  the  expansion  of  metals  for  purposes  of 
demonstration,  the  apparatus  shown  in  Fig.  11  is  very 

FIG.  11. 


convenient,  though  it  cannot  be  used  for  exact  measure- 
ments on  account  of  the  extensibility  of  the  string  lay 
which  the  mirror  is  moved.  The  mirror,  instead  of  being 
directly  connected  with  the  lever  at  (7,  is  carried  on  a 
separate  shaft  at  M.  The  pivot  C  is  placed  very  near  to 
the  lower  end  A  of  the  lever,  and  to  the  upper  end  of  the 
lever  a  string  is  attached  which  passes  round  a  small 
spindle  carrying  the  mirror  and  supports  a  weight  at  the 
end,  or  is  attached  to  a  steel  spring  which  keeps  it 
stretched.  In  this  way  the  angle  through  which  the 
G.  H.  F 
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mirror  turns  is  very  much  increased.  It  is  important 
that  the  pivot  C  should  be  rigidly  fixed  with  respect  to 
the  end  B  of  the  rod,  and  this  is  ensured  by  the  strong 
brackets  shown  in  the  figure.  The  bath  is  supported 
upon  pieces  of  wood  fastened  to  the  stand  by  hinges  for 
the  convenience  of  removing  it.  If  the  diameter  of  the 
mirror  spindle  at  M  be  1%  in.,  the  length  of  CD  3  inches, 
that  of  AC^in.,  and  of  AB  12  inches,  then,  if  the  bar  be 
zinc,  a  change  of  temperature  of  about  64°  Centigrade 
will  turn  the  reflected  ray  through  180°,  but  if  the  bar  be 
iron,  the  same  change  of  temperature  will  turn  the  ray 
through  only  72° ;  showing  that  the  coefficients  of  expan- 
sion of  zinc  and  iron  are  nearly  as  5  :  2. 

91.  The  mean  coefficients  of  linear  expansion  of  some 
substances   between  0°  C.  and   100°  C.  are  given   in  the 
following  table. 

TABLE  OF  COEFFICIENTS  OF  LINEAR  EXPANSION. 

Glass  tube  about  -000008 

Crown  glass  „  '000009 

Platinum  „  '000009 

Cast  iron  „  '000011 

Soft  steel  „  -000011 

Steel  tempered  yellow  ,,  '000013 

Wrought  iron  '             „  '000012 

Gold  -000016 

Copper  „  -000017 

Brass  -000019 

Silver  .,  -000021 

rn.  /  -000022  tO 

"       1  -000028 

Lead  „  -000(328 

Zinc  „  -000030 

The  coefficients  of  expansion  of  metals  vary  very  much 
with  their  physical  state,  so  that  the  above  table  must 
be  taken  as  only  approximately  true. 

92.  DEF.     The  coefficient  of  cubic  expansion  of  a  sub- 
stance at  any  temperature  is  the  ratio  of  the  increment  of 
any  volume  of  the  substance  produced  by  an  increase  in  its 
temperature  of  1°  C.  to  the  original  volume  at  OP  C. 
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Most  substances,  except  crystals,  expand  equally  in  all 
directions  when  heated.  Imagine  a  cubic  block,  the 
length  of  whose  edge  is  1  foot  :  its  volume  will  then  be 
1  cubic  foot.  Now  suppose  that  on  raising  its  tempera- 
ture 1°  C.,  the  length  of  its  edge  becomes  1  +  a  feet,  so 
that  a  is  its  coefficient  of  linear  expansion.  Then  its 
volume  is  1  +  3a  +  3a2  +  a3  cubic  feet,  and  the  ^  increment 
of  its  volume  is  3a  +  3a2  +  a6  cubic  feet.  The  ratio  of  this 
to  the  original  volume,  viz.,  one  cubic  foot,  is  3a  +  3a2  -f  a3, 
which  expression  is  therefore  the  coefficient  of  cubic 
expansion.  Now  a  is,  in  general,  very  small;  hence  a2  and 
(a  fortiori)  a3  may  be  neglected  in  comparison  with  a. 
We  have  then  for  the  coefficient  of  cubic  expansion  3a, 
or  the  coefficient  of  cubic  expansion  is  three  times  the  co- 
efficient of  linear  expansion  for  the  same  substance. 

In  the  case  of  copper  a  is  about  "000017.  Hence  3a  is 
about  -000051,  3a2  about  -000000000867  and  a3  about 
•000000000000004913.  It  is  obvious  that  both  3a2  and  a* 
may  be  neglected  without  producing  any  sensible  error 
in  the  result,  each  being  far  less  than  the  limits  of  ex- 
perimental error  in  the  determination  of  a. 

93.  The  effect  of  neglecting  the  terms  involving  a2 
and  a3  may  be  illustrated  by  taking  a  cube  of  10  centi- 
metres side,  three  plates  each  10  centimetres  square  and 
one  centimetre  thick,  three  strips  each  10  centimetres 
long  and  one  centimetre  square  and  a  cubic  centimetre. 

FIG.  12. 
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Placed  together  these  will  build  up  a  cube  of  11  centi- 
metres edge.  If  we  neglect  the  three  strips  and  the 
cubic  centimetre,  our  enlarged  cube  is  incomplete  at  the 
edges  (Fig.  12),  and  this  is  equivalent  to  neglecting  3a3 
and  a3  iri  the  above  expression. 

Or  we  may  employ  the  following  illustration.  Take  a 
cube  of  wood  or  other  material  of  one  foot  edge,  and  let 
this  represent  the  unit  of  volume.  Suppose  a  to  be  '01. 
Then  a  piece  of  pasteboard  of  one  foot  square  and  '01  ft. 
thick  will  contain  a  units  of  volume,  while  its  thickness 
will  be  a  units  of  length.  Take  three  such  plates,  the 
sum  of  whose  volumes  is  3a,  and  apply  them  to  the  three 
faces  of  the  cube  which  meet  in  a  point.  Now  take  three 
rectangular  strips  of  pasteboard  a  foot  long  and  -01  ft, 
square.  The  volume  of  each  of  these  is  a2,  and  the 
volume  of  the  three  together  is  3a2.  If  these  strips  be 
laid  in  the  grooves  formed  by  the  edges  of  the  plates, 
there  will  only  be  required  a  cube  of  '01  ft.  side  and 
volume  a*  in  order  to  complete  a  cube  of  1*01,  or  1  -f-a, 
feet  edge.  The  whole  increment  in  volume  of  the  one 
foot  cube  is  the  volume  of  the  three  plates  together  with 
that  of  the  three  strips  and  the  small  cube,  or  3a  +  3a2  +  a3. 
If  we  take  the  coefficient  of  cubic  expansion  to  be  three 
times  that  of  linear  expansion, — that  is,  take  into  account 
the  plates  only, — we  neglect  the  strips  and  the  little  cube  ; 
but  even  when  the  linear  expansion  is  so  great  as  '01  of 
the  original  length,  the  error  so  introduced  is  very  little 
more  than  one  per  cent. 

94.  A  homogeneous  substance  is  one  whose  structure 
is  the  same  throughout,  so  that  spheres  of  the  same  size 
cut  from  different  portions  of  the  substance  are  alike  in 
all  respects. 

An  isotropic  body  is  one  whose  substance  has  the  same 
properties  in  all  directions,  so  that  if  a  sphere  were  cut 
from  the  body  it  -would  not  be  possible  to  determine 
by  any  test  whatever  the  direction  which  a  particular 
diameter  of  the  sphere  occupied  in  the  body.  Substances 
which  are  not  isotropic  are  called  ceolotropic. 

An  isotropic  substance  expands  equally  in  all  directions, 
and  its  coefficient  of  cubic  expansion  is  then,  as  we  have 
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seen,  three  times  its  coefficient  of  linear  expansion.  But 
very  few  solid  substances  are  really  isotropic.  Some  cast 
metals  are  very  nearly  so,  and  carefully  annealed  glass  is 
perhaps  as  close  an  approximation  to  an  isotropic  sub- 
stance as  any  solid  we  are  likely  to  meet  with,  but  it 
must  be  very  carefully  annealed.  In  the  case  of  metals, 
almost  any  mechanical  operation,  such  as  rolling,  ham- 
mering, wire-drawing,  etc.,  renders  them  very  far  from 
isotropic,  though  in  the  case  of  some  metals  careful  an- 
nealing may  go  far  to  restore  their  original  condition. 
Boiler  plates,  for  example,  possess  very  different  proper- 
ties along  the  plate  (in.  the  direction  of  rolling),  across  the 
plate,  and  through  the  plate.  In  particular,  the  tensile 
strength  of  an  iron  boiler  plate  is  much  greater  when  the 
tension  is  in  the  direction  of  the  fibre  than  when  it  is 
across  the  fibre,  and  plates  which  have  a  tensile  strength 
of  47,000  Ibs.  per  square  inch  in  the  direction  of  the  fibre, 
have  a  strength  of  only  40,000  Ibs.  per  square  inch  across 
the  fibre.  In  general,  an  seolo tropic  substance,  when 
heated,  expands  differently  in  different  directions,  and  has 
an  infinite  number  of  coefficients  of  linear  expansion  ac- 
cording to  the  direction  in  which  the  length  is  measured. 
A  sphere  cut  from  such  a  substance  will  generally  expand, 
when  heated,  into  an  ellipsoid.  The  axes  of  an  ellipsoid 
are  its  greatest  diameter,  its  least  diameter,  and  a  third 
diameter  which  is  at  right  angles  to  each  of  these.  The 
volume  of  an  ellipsoid  is  to  the  volume  of  a  sphere  as  the 
product  of  its  three  axes  is  to  the  cube  of  the  sphere's 
diameter,  and  its  volume  is  therefore  expressed  by  -£  Trabc 
where  «,  ft,  c  represent  the  semi-axes.  If  a  rectangular 
parallelepiped  is  cut  with  its  edges  parallel  to  the  axes  of 
the  ellipsoid  of  expansion,  the  parallelepiped  will,  when 
heated,  remain  rectangular  ;  but  if  its  edges  are  not  in 
these  directions,  it  will  011  expansion  become  oblique. 

95.  Suppose  a  unit  cube  to  be  cut  with  its  edges 
parallel  to  the  axes  of  the  ellipsoid,  and  let  a,  #,  7  be  the 
coefficients  of  expansion  in  the  direction  of  the  edges. 
The  cube  then  expands  into  a  rectangular  parallelepiped 
whose  edges  are  respectively  1  +  at ,  1  +  /8f ,  1  +  <yt ,  and  its 
volume  will  therefore  be  (1  +  at)  (I  +ftt)  (1  +  7^).  But  if 
we  neglect  the  products  two  and  three  together  of  af, 
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/ft,  7^,  this  becomes  1  +  (a  +  ft  +  y)t,  and  the  coefficient  of 
volumetric  expansion  is  a  +  /3  +  7,  or  the  sum  of  the 
principal  coefficients  of  linear  expansion. 

In  the  case  of  stretched  india-rubber,  one  of  the  co- 
efficients, a  say,  is  negative,  and  the  other  two,  @  and  7, 
are  positive  ;  but  a  is  less  than  j3  +  7,  so  that  a  +  ft  +  7  is  a 
positive  quantity,  and  the  volume  of  the  india-rubber  is 
increased  by  heating  it.  In  this  case  there  will  be  a 
certain  cone  such  that  the  material  never  expands  nor 
contracts  in  directions  parallel  to  its  generating  lines. 

96.  Expansion  of  Liquids.     Before  explaining  the 
methods  of   measuring  directly  the   cubic  expansion   of 
solids,  we  must  consider  the  cubic  expansion  of  liquids  ; 
for  as  the  volumes  of  irregular  solids  can  only  be  deter- 
mined from  the  amount  of  liquid  which  they  displace,  so 
we  should  expect  that  any  changes  in  their  volumes  must 
be  measured  in  the  same  way.     The  usefulness  of  liquids 
for  this  purpose  depends  on  the  property  in  virtue  of 
which  any  quantity  of  a  liquid  can  be  made  to  assume 
the  form  of  a  regular  prism  or  cylinder  by  pouring  it  into 
a  vessel  of  that  shape,  and  its  volume  can  then  be  com- 
puted by  measuring  its  linear  dimensions. 

If  a  liquid  be  heated  in  a  glass  vessel,  both  the  glass 
and  the  liquid  expand.  The  apparent  expansion  of  the 
liquid  in  the  vessel  is  due  to  the  difference  between  the 
expansion  of  the  liquid  and  that  of  the  interior  of  the 
vessel.  There  are  two  methods  in  general  use  for  the 
measurement  of  this  expansion.  The  first  consists  in 
filling  with  the  liquid  the  bulb  and  part  of  the  stem  of  a 
thermometer  tube,  the  capacity  of  the  bulb  and  different 
parts  of  the  length  of  the  stem  at  some  particular  tempe- 
rature being  accurately  known.  By  observing  the  height 
of  the  liquid  in  the  stem  at  the  first  temperature,  the 
volume  of  liquid  at  that  temperature  is  known.  The 
liquid  is  then  heated,  and  the  height  again  observed, 
whence  the  apparent  increment  of  volume  can  be  found. 

97.  In  the  second  method  a  specific  gravity  bottle  is 
usually  employed.     This  consists  of  a  glass  bottle,  into 
which  a  stopper,  having  a  small  hole  drilled  through  it, 
is  accurately  ground.     The  bottle  having  been  weighed  is 
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completely  filled  with  the  liquid  whose  expansion  is  to  be 
measured,  and  whose  temperature  is  known.  The  stopper 
is  then  inserted,  when  the  excess  of  liquid  escapes  through 
the  perforation,  and  is  carefully  wiped  away.  The  bottle 
and  contents  are  then  weighed,  and  deducting  the  weight 
of  the  bottle  from  the  result  of  this  weighing,  we  have 
the  weight  of  the  contents.  The  temperature  of  the 
bottle  and  liquid  is  then  raised,  and  as  the  liquid  expands 
it  escapes  through  the  stopper,  and  is  wiped  off.  On 
again  weighing  the  bottle  we  determine  the  amount  of 
liquid  which  has  escaped,  and  the  ratio  of  this  to  the 
amount  remaining  is  the  ratio  of  the  whole  increment  in 
volume  between  the  two  temperatures  to  the  original 
volume. 

98.  A  very  simple  and  most  useful  form  of  the  specific 
gravity  bottle  is  the  weight  thermometer.  This  consists 
of  a  glass  tube  (Fig.  13)  drawn  out  to  a  fine  neck,  which 
is  bent  over  so  that  it  can  be  made  conveniently  to  dip 
into  a  small  vessel  of  the  liquid  with  which  it  is  to  be 
filled.  The  tube  is  first  weighed  when  empty,  and  then 
by  alternately  heating  it  so  as  to  expel  the  air,  and  cool- 


FIG.  13. 

ing  it  with  its  orifice  under  the  surface  of  the  liquid,  the 
tube  is  completely  filled.  The  tube  and  its  contents  (care 
being  taken  that  it  is  completely  full)  are  next  weighed 
at  ordinary  temperatures,  then  heated  through  a  con- 
venient range  of  temperature,  the  liquid  which  is  expelled 
being  allowed  to  escape,  and  finally  again  weighed.  We 
have  then  all  the  data  for  determining  the  apparent  ex- 
pansion of  the  liquid. 

Suppose,  for  example,  that  the  weight  of  the  empty 
tube  was  120  grains,  and  that  when  filled  with  mercury 
at  0°  C.  it  weighed  720  grains,  but  that  after  it  had  been 
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heated  to  100°  C.,  its  weight  was  71O8  grains.  From 
these  data  we  see  that  at  0°  the  tube  is  filled  by  600  grains 
of  mercury,  while  at  100°  it  holds  only  590'8  grains,  or,  in 
other  words,  590'8  grains  of  mercury  at  100°  occupy  the 
same  volume  of  glass  as  GOO  grains  at  0°.  Hence  one 

C('\T\ 

grain  of  mercury  at  100°  occupies  (relative  to  glass)  rcjn-y 

times  its  volume  at  0°.  or  T0157...  times  its  volume  at  0°. 
The  apparent  expansion  for  an  increase  of  temperature  at 
100°  C.  is  therefore  "0157  of  the  original  volume,  and  the 
mean  coefficient  of  apparent  expansion  between  0°  C.  and 
100°  C.  is  -000157. 

99.  Absolute  Expansion  of  Liquids.  The 
apparent  expansion  of  a  liquid  contained  in  any  envelope 
is  equal  to  its  absolute  expansion  diminished  by  the 
increase  in  the  capacity  of  the  envelope,  and  therefore 
the  coefficient  of  apparent  expansion  is  equal  to  the 
coefficient  of  absolute  expansion  diminished  by  the  co- 
efficient of  expansion  of  the  envelope. 

Hence  if  we  can  determine  the  absolute  expansion  of 
some  particular  liquid,  as  well  as  its  apparent  expansion  in 
a  glass  vessel  due  to  the  same  change  of  temperature,  the 
difference  between  the  two  will  give  us  the  expansion  of 
the  vessel ;  and  then,  knowing  the  apparent  expansions 
of  other  liquids  in  the  same  vessel,  we  shall  only  have  to 
add  to  these  quantities  the  expansion  of  the  vessel,  which 
we  have  determined  once  for  all,  in  order  to  obtain  the 
absolute  expansion  of  all  these  liquids.  The  determination 
of  the  absolute  expansion  of  some  particular  liquid  is 
therefore  of  very  great  importance,  and  mercury  is  the 
liquid  which  has  been  employed  for  the  purpose. 

FIG.  14  100'     The  method  by  which  this 

has  been  effected  may  be  briefly  de- 
scribed as  follows  : 

Two  tubes  AB  and  CD  are  placed 
as  nearly  vertical  as  possible,  the  ends 
13  and  C  being  connected  by  a  fine 
tube  which  is  at  right  angles  to  the 
vertical  tubes,  and  therefore  in  a  hori- 
zontal position.  The  tubes  are  then 
nearly  filled  with  mercury,  and  AB  is 
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surrounded  with  a  cylinder  containing  oil,  not  shown  in 
the  figure,  which  can  be  heated  to  the  desired  tempera- 
ture. The  tube  DC  is  surrounded  by  a  cylinder  contain- 
ing melting  ice.  The  heights  of  the  cylinders  are  so 
adjusted  that  the  mercury  in  each  tube  is  just  visible 
above  the  top  of  the  cylinder  surrounding  it.  When  the 
mercury  in  each  tube  has  acquired  the  temperature  of 
the  surrounding  bath,  the  heights  of  the  columns  AB  and 
CD  are  carefully  measured.  Then,  since  the  mercury  in 
the  horizontal  tube  BC  is  in  equilibrium,  the  pressure  at 
E  due  to  the  column  AB  is  equal  to  that  at  C  due  to  the 
column  CD.  Hence  the  densities  of  the  mercury  in 
these  two  columns  are  inversely  as  their  heights  ;  and 
therefore  the  volume  of  a  given  quantity  of  mercury  at 
the  temperature  of  either  column  will  be  proportional  to 
the  height  of  the  column.  The  ratio  of  the  difference  of 
the  heights  of  the  two  columns  to  that  of  the  shorter  will 
therefore  represent  the  total  absolute  expansion  of  an 
unit  of  volume  of  mercury  between  the  temperatures  of 
the  ice,  i.e.  0°C.,  and  of  the  oil.  The  coefficient  of 
expansion  for  mercury  is  thus  found  to  be  about  '00018. 
Its  coefficient  of  expansion  at  0°  C.  is  about  '000179,  and 
increases  with  the  temperature. 

A  knowledge  of  this  coefficient  is  necessary  to  enable 
us  to  reduce  readings  of  the  barometer  to  what  would  be 
the  corresponding  readings  if  the  mercury  in  the  instru- 
ment were  at  0°  C. 

101.  In  the  apparatus  above  described  the  tube  AB 
is  at  a  considerable  distance  from  CD,  and  the  influence 
of  the  bath  of  hot  oil  on  the  refractive  index  of  the  air 
immediately  above  it  renders  it  very  difficult  to  read  the 
difference  of  level  between  A  and  D  by  the  telescope  of 
a  kathetometer  in  the  usual  manner.  Eegnault  sur- 
mounted this  difficulty  by  bringing  the  two  surfaces  to 
be  compared  much  closer  together  and  placing  them  in  a 
position  where  the  air  was  unaffected  by  the  heat  of  the 
oil  bafch.  Figure  14A  illustrates  a  lecture-room  model  of 
Regnault's  apparatus,  in  which  all  the  tubes  are  glass 
and  a  steam  jacket  takes  the  place  of  the  oil  bath. 

The  tubes  AB,  DC  are  connected  by  a  horizontal  tube 


74 


ABSOLUTE    EXPANSION    OF    MERCURY 
FIG.  MA. 


at  A  and  D,  and  this  ensures  the  pressure  in  the  two 
tubes  being  precisely  the  same  at  the  points  where  the 
horizontal  tube  joins  them.  The  lower  ends  B  and  C  are 
connected  to  a  syphon  tube  from  the  highest  point  of 
which  an  india-rubber  tube  proceeds  to  a  small  vessel  or 
reservoir  in  which  air  can  be  compressed  by  a  pump. 
The  tubes  AB  and  DC  are  surrounded  by  much  larger 
tubes  closed  at  the  top  and  bottom  by  perforated  corks, 
and  through  the  tube  surrounding  AB  steam  is  passed, 
while  cold  water  flows  through  the  tube  surrounding  DC. 
The  small  tubes  are  filled  with  mercury  and  sufficient 
pressure  is  applied  to  the  air  in  the  reservoir  to  cause 
the  surface  of  the  mercury  to  stand  about  half-way  up 
each  leg  of  the  syphon.  If  the  temperature  of  the  mer- 
cury is  the  same  throughout,  since  it  has  free  passage 
along  the  horizontal  tube  AD  it  will  stand  at  the  same 
level  in  each  arm  of  the  syphon.  But  when  the  mercury 
in  AB  attains  the  temperature  of  the  steam,  and  that  in 
DC  the  temperature  of  the  cold  water,  since  the  pressures 
at  A  and  D  remain  equal  while  the  column  of  mercury 
in  AB  is  much  lighter  than  that  in  DGY,  and  the  pressure 
of  the  compressed  air  in  both  legs  of  the  syphon  is  the 
same,  it  is  clear  that  the  surface  F  will  be  lower  than  the 
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surface  G  by  an  amount  corresponding  to  the  difference 
of  pressure  of  the  columns  of  mercury  in  AB  and  DC. 
Hence  by  observing  the  difference  of  level  of  the  surfaces 
at  F  and  G,  the  absolute  expansion  of  the  mercury  can 
be  determined.  If  the  tubes  AB  and  CD  are  about  30 
inches  in  height,  and  the  difference  of  temperature  is 
90°  C.,  the  difference  of  level  between  F  and  G  will  be 
very  nearly  half  an  inch. 

10'2.     Areometric   Method.     Having  thus  obtained 
sufficient  data  for  determining  the  absolute  expansion  of  YK^ 
different  liquids,  we  may  determine  the  cubic  expansion  "* 
of  a  solid  by  weighing  it  in  a  liquid  at  different  tempera-  \ 
tures,  the  coefficient  of  absolute  expansion  of  the  liquid 
being   known ;    and  this  process,  called   the   areometric 
method,  is  not  unfrequently  adopted. 

In  the  same  way  we  may  determine  the  coefficient  of 
expansion  of  a  liquid,  if  we  know  the  coefficient  of  cubic 
expansion  of  a  solid,  by  weighing  a  solid  in  the  liquid  at 
different  temperatures.  Matthiessexi  adopted  this  method 
for  determining  the  coefficient  of  expansion  of  water  at 
different  temperatures,  and  some  of  his  results  are  given 
in  Art.  106.  He  first  carefully  measured  the  coefficient  of 
linear  expansion  of  a  glass  rod,  from  which  he  deduced 
(Art.  92)  the  coefficient  of  cubic  expa-nsion.  He  then  cut 
pieces  from  this  rod,  and  weighed  them  in  water  at 
different  temperatures,  and  hence  deduced  the  expansion 
of  the  water. 

103.  Another  method  of  determining  the  coefficient  of 
cubic  expansion  of  a  solid,  when  the  coefficient  of  abso- 
lute expansion  of  mercury  is  known,  is  by  means  of  the 
weight  thermometer.  The  apparent  expansion  of  mer- 
cury in  the  glass  tube  must  first  be  determined,  and  from 
this  the  cubic  expansion  of  the  glass  is  deduced.  A  bar 
of  the  substance  is  then  introduced  into  the  tube  before 
the  neck  is  drawn  out,  and  is  supported  by  means  of  two 
pieces  of  wire  twisted  round  it,  and  projecting  in  such  a 
manner  as  to  touch  the  glass  tube  only  in  a  few  points, 
otherwise  it  is  impossible  to  completely  fill  the  space 
between  the  bar  and  the  glass  with  mercury.  The 
volume  of  the  bar  is  previously  determined  by  weighing 
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it  in  air  and  in  water.  The  neck  of  the  thermometer 
having  been  drawn  out,  it  is  weighed  before  and  after  it 
is  filled  with  mercury.  After  heating  the  thermometer, 
it  is  again  weighed,  and  the  difference  between  the 
amount  of  mercury  expelled,  and  that  which  would  have 
been  expelled  if  the  thermometer  had  been  filled  with 
mercury,  indicates  the  difference  between  the  expansion 
of  the  bar  and  that  of  the  mercury  it  displaces.  Hence, 
since  the  coefficient  of  expansion  of  mercury  is  known, 
that  of  the  bar  can  be  at  once  determined. 

104.  Expansion  of  Water.  All  bodies,  with  very 
few  exceptions,  expand  as  their  temperature  rises,  pro- 
vided they  retain  the  same  state  of  aggregation,  i.e. 
remain  solid,  liquid,  or  gaseous  throughout  the  change. 
Exceptions  to  this  law  are  however  met  with  in  baked 
clay,  stretched  caoutchouc  (which  when  heated  contracts 
in  the  direction  of  its  tension),  iodide  of  silver,  some 
crystals  (which  contract  in  certain  directions  while  they 
expand  in  others)  and  water  between  0°C.  and  4°C.,  of 
which  the  last  mentioned  is  by  far  the  most  important. 
If  a  quantity  of  water  at  0°C.  be  heated,  it  contracts  in 
volume  as  its  temperature  rises  till  it  reaches  a  tempera- 
ture of  nearly  4°C.,  when  its  density  is  a  maximum  ;  if 
heated  beyond  this  temperature  it  expands,  and  at  a 
temperature  between  7°  C.  and  8°  C..  its 
volume  is  equal  to  that  at  0°  C.  It  then 
goes  on  expanding,  its  coefficient  of  ex- 
pansion per  degree  of  the  mercurial  ther- 
mometer increasing  continually  as  the 
temperature  rises.  This  peculiarity  of 
water  may  be  exhibited  by  filling  a  tall 
cylindrical  jar  with  water,  say  at  12°  C., 
small  thermometers  A  and  B  being  in- 
serted into  the  liquid.  The  middle  of  the 
jar  is  surrounded  by  a  freezing  mixture. 
As  the  water  in  the  neighbourhood  of  the  freezing 
mixture  is  cooled,  its  density  increases,  and  it  descends, 
causing  the  thermometer  B  to  indicate  a  rapid  fall  of 
temperature,  while  A  is  very  slightly  affected.  This 
goes  on  till  the  thermometer  B  reaches  a  temperature  of 


EXPANSION    OF    WATER    WHEN    COOLING.  77 

about  4°C.,  when  it  will  cease  to  fall;  but  the  ther- 
mometer A  will  now  indicate  a  fall  in  temperature,  and 
will  continue  to  do  so  down  to  0°  C.,  when  ice  will  begin 
to  be  formed.  This  is  known  as  Hope's  experiment. 

105.  We   may  remark   here  that  water  on  freezing 
expands  by  nearly  nine  per  cent,  of  its  volume,  so  that 
the  ice  formed  floats  on  the  surface  of  the  water.     This 
behaviour  of  water   is  of   immense   importance   in   the 
economy  of  nature  ;  for  when  a  quantity  of  water,  as  for 
instance,    a   lake,   cools   at  the  surface,   the   cold   water 
descends,   warmer  water  from   below   taking   its  place  ; 
and   this   goes   on   till   the   whole   lake   has   attained   a 
temperature  of  4°C.,  after  which  the  cold  water  remains 
at  the  surface  until  a  layer  of  ice  is  formed  there,  which 
prevents  the  rapid  cooling  of  the  remainder  of  the  water 
on  account  of  the  extreme  slowness  with  which  it  trans- 
mits heat.     "We  consequently  find  that  in  deep  lakes  the 
water  below  a  certain  depth  is  at  4°  C.,  however  cold  that 
at  the  surface  may  be.     Were  water  to  continue  to  con- 
tract till  it  froze,  we  should  have  the  whole  of  the  water 
in  lakes  reduced  to  0°C.  during  a  continuance  of  cold 
weather ;  and  if  it  also  contracted  on  freezing,  we  should 
get    an   immense   quantity   of  ice   accumulated   at   the 
bottom  of  lakes,  till  the  whole  lake  became  frozen;  for 
during  the  summer  the  water,  warmed  by  the  sun's  rays, 
would  float  at  the  top,  and  the  ice  below  would  only  be 
affected    by   the    small    quantity   of    heat    transmitted 
through  this  water ;  and  thus  the  ice  would  increase  from 
year  to  year,  till  the  whole  lake  became  frozen  in  the 
winter,  and  melted  in  the  summer  only  to  a  very  small 
depth. 

106.  The  following  table   shows   the  volume  of  the 
same  quantity  of  water  at  different  temperatures,  accord- 
ing to  the  experiments  of  Matthiessen. 

4°C.  1-000000  50°  C.  1-011880 

10°  1-000271  60°  1-016715 

15°  1-000892  70°  1-022371 

20°  1-001814  80°  1-028707 

30°  1-004187  90°  1-035524 

40°  1-007654  100°  1-043114 
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107.  That  water  expands,  on  cooling  from  4°  C.  to  0°  C., 
may  be  readily  shown  in  the  following  manner.     Con- 
struct a  weight  thermometer  with  a  long  capillary  neck. 
In  the  first  place  determine  the  coefficient  of  apparent 
expansion  of  mercury  in  the  thermometer.     Suppose  it 
to  be  -000155,  while  the  coefficient  of  absolute  expansion 
of  mercury  is  known  to  be  '000179.     Then  the  coefficient 

o 

of  cubic  expansion  of  the  glass  is  '000024,  or  about  -_  that 

lo 
o 

of  mercury.     Hence  if  the  thermometer  be  filled-      full 

of  mercury,  the  mercury  will  expand  as  much  as  the 
glass,  and  the  volume  of  the  interior  of  the  thermometer 
above  the  mercury  will  be  absolutely  constant  whatever 
the  temperature.  If  the  thermometer  be  then  nearly 
filled  with  water,  so  that  the  free  surface  is  in  the  capil- 
lary neck  when  at  4°C.,  the  ascent  of  the  surface  manifest 
on  lowering  the  temperature  must  be  entirely  due  to 
expansion  of  the  water. 

108.  Useful    Applications    of    Expansion    and 
Contraction.     The  expansion  of  metals  when  heated, 
and  their  subsequent  contraction  on  cooling,  have  been 
turned  to  practical  account  in  several  of  the  arts.     Thus 
boiler-plates  are  rivetted  with  red-hot  rivets,  which  on 
cooling  contract,  and  draw  the  plates  together  so  tightly 
as   to  form   a  joint  impervious  to  high-pressure  steam. 
Again,  tyres  for  ordinary  carriage-wheels,  as  well  as  the 
steel   tyres   for  the  wheels  of  locomotives  and  railway 
carriages,  are  fitted  on  when  red-hot,  and  on  cooling  grip 
them  with  very  great  force.     The  same  property  of  iron 
is  utilized  in  the  manufacture  of  the  Armstrong  gun.     In 
these  guns,  the  central  tube  used  to  be  surrounded  by  a 
number  of  iron   cylinders,  made  by  winding  bars  into 
helices,  and  welding  each  turn  to  the  next,  so  as  to  form 
a  cylinder  in  which  the  fibre  of  the  iron  is  arranged  in  a 
helix  about  the  axis  of  the  gun.     The  first  cylinder  was 
turned  so  as  to  fit  easily  over  the  breech  of  the  gun,  when 
the  latter  was  cold  but  itself  red-hot.     It  was  then  heated 
and  slipped  into  its  position,  after  which  the  gun  was 
allowed  to  cool.     On  cooling,  the  cylinder  tended  to  con- 
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tract,  and  exerted  great  pressure  on  the  breech.  The 
next  cylinder  was  turned  so  as  to  fit  over  the  first  in  a 
similar  way ;  and  so  on,  Armstrong  guns  sometimes 
having  5  or  6  cylinders  placed  one  over  the  other.  Each 
cylinder,  except  the  outside  one,  was  thus  subjected  to  an 
enormous  pressure,  on  account  of  the  tendency  of  the 
cylinder  surrounding  it  to  contract  upon  it,  while  in  its 
turn  it  exerted  pressure  on  the  cylinder  within  it.  Hence, 
when  the  powder  exploded,  the  pressure  of  the  gases 
produced  had  to  balance  the  contractile  forces  of  all 
the  cylinders  before  it  could  exert  any  force  effective  in 
producing  a  strain  on  the  central  tube  of  the  gun.  Guns 
thus  constructed  will  consequently  bear  the  explosion  of 
very  heavy  charges  without  bursting ;  a  pressure  of  about 
70  tons'  weight  per  square  inch  being  sometimes  exerted 
within  them. 

109.  The  employment  of  prismatic  powder,  which 
burns  comparatively  slowly,  has  very  much  reduced  the 
maximum  pressure  to  which  heavy  guns  are  subjected, 
while  it  has  enabled  a  very  considerable  pressure  to  be 
sustained  for  a  long  time  upon  the  shot,  which  is  thus 
subject  to  nearly  the  full  pressure  over  a  considerable 
portion  of  the  length  of  the  very  long  barrels  now  em- 
ployed ;  thus  a  great  deal  more  work  is  done  upon  the  shot 
with  much  less  danger  to  the  gun.  The  experiments  of 
Sir  Frederick  Abel  and  Captain  Noble  on  the  explosion 
of  powder  in  a  closed  vessel,  showed  that  the  maximum  ^ 
pressure  exerted  by  the  powder  gases  is  about  48  tons  — 
on  the  square  inch.  In  modern  artillery  the  pressure  de- 
veloped does  not  generally  exceed  20  tons  on  the  square 
inch,  and  frequently  does  not  much  exceed  12  tons.  The 
very  high  pressures  which  have  been  registered  in  old 
guns  with  fine  grained  powder  appear  to  be  partly  due  to 
wave  action  increasing  the  pressure  as  the  wave  of  com- 
pression was  transmitted  through  the  gas. 

Heavy  guns  now  are  built  entirely  of  steel,  which  is 
finally  tempered  in  oil.  The  several  coils  are  shrunk  011 
to  the  tube,  the  diameter  to  which  each  is  turned  being 
determined  by  calculation,  so  that  the  stress  in  the  steel 
may  be  as  nearly  as  possible  uniform  throughout  the 
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whole  structure  when  the  powder  explodes.  This  con- 
dition implies  that  the  tension  in  the  several  coils  should 
increase  outwards,  so  that  the  outermost  coil  is  subjected 
to  the  greatest  tension. 

110.  The   same  principle    may,   with    advantage,  be 
applied  to  hydraulic  cylinders,  or  other  vessels  exposed  to 
bursting  pressure,  whenever  the  pressure  is  so  great  that 
it  is  difficult  to  make  ordinary  forgings  or  castings  capable 
of  sustaining  it. 

In  several  cases  in  which  the  walls  of  buildings  have 
bulged  outwards,  they  have  been  drawn  together  by 
passing  iron  bars  through  them  across  the  building,  heat- 
ing the  bars,  and,  when  expanded,  screwing  nuts  upon 
their  projecting  ends.  On  cooling,  the  bars  have  drawn 
the  walls  together,  and  the  process  has  been  repeated  till 
the  walls  assumed  their  proper  positions. 

111.  An  idea  of  the  force  which  iron  exerts  if  pre- 
vented from  contracting  when  cooled  from  a  high  tempera- 
ture to  ordinary  temperatures,  may  be  gathered  from  the 
following  rough  calculation. 

Suppose  an  iron  bar,  one  square  inch  in  section,  cooled 
from  500°  C.  (a  dull  red  heat)  to  0°C.  It  would,  if 
allowed,  contract  from  a  length  represented  by  1'OOG  to  a 
length  represented  by  1,  its  coefficient  of  expansion  being 
about  -000012.  The  bar  therefore  when  at  0°C.,  is 

r* 

stretched   beyond  its  natural    length  by   inl--c  of    that 

1 '  AAJ 

length.  Now  the  force  capable  of  stretching  a  bar  of 
iron  of  1  sq.  inch  section  by  this  amount  is  about  equal 
to  the  weight  of  15  tons,  which  therefore  represents  the 
force  with  which  it  tends  to  contract.  If  heated  to  only 
100°  C.,  the  force  it  exerts  on  cooling  will  be  equal  to  the 
weight  of  about  13  tons,  the  elasticity  of  iron  being  very 
imperfect  when  stretched  so  much. 

112.  Precautions   Necessitated   by    Expansion 
and  Contraction.     Though  the  expansion  of  metals  by 
heat  is  thus  frequently  applied  to  useful  purposes,  it  is 
perhaps  more  frequently  a  source  of  trouble.     Thus,  in 
order  to  allow  for  expansion,  the  pipes  of  water  and  gas 
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mains  have  to  be  connected  by  telescope  joints ;  the  con- 
secutive metals  on  a  railway  have  to  be  placed  at  a  small 
distance  apart,  the  bolt-holes  through  which  they  are 
bolted  to  the  fish  plates  being  elongated ;  and  so  on.  The 
tubular  girders  of  the  Britannia  bridge  are  each  mounted 
on  rollers  at  the  ends,  while  the  metals  FJG  16 

are  halved  together,  as  shown  in  Fig.  16,    ,_    .    ,^j_'      { 
so  as  to  allow  a  play  of  about  nine  inches, 
without  making  a  gap  between  them. 

113.  The  patterns  for  castings  must  be  made  somewhat 
larger  than  the  castings  required.     In  the  case  of  cast 
iron  about  an  eighth  of  an  inch  per  foot  is  allowed  for 
contraction  on  cooling. 

The  contraction  of  metal  castings  when  cooling  often 
produces  great  strains  in  the  metal,  and  not  unfrequently 
the  castings  are  broken.     For  example,  in  a  wheel  having 
a  thin  rim  and  thick  round  arms,  and  a  massive  boss,  the 
rim  will  solidify  and  cool  before  the  arms  and  boss.     As   v 
the  arms  cool  subsequently,  the  contraction  of  the  arms  ^., 
and  boss  is  opposed   by  the  rim  of  the  wheel,  and  one  or 
more  of  the  arms  may  be  fractured.      To  avoid  this  the 
arms  are  often  bent,  so  that  their  contraction  on  cooling 
may  tend  to  straighten  instead  of  fracturing  them. 

As  castings  are  frequently  broken  through  one  portion 
cooling  more  slowly  than  another,  it  is  clear  that  in  many 
cases,  though  fracture  may  not  be  produced,  stresses  are 
caused  in  the  castings  which  may  be  on  the  point  of  pro- 
ducing fracture.  If  such  castings  are  loaded  so  as  to  in- 
crease these  stresses  ever  so  slightly,  fracture  may  ensue 
though  the  load  may  be  far  less  than  the  computed  "  safe 
load  "  for  the  structure.  The  strains  induced  in  glass  by 
rapid  cooling  will  be  referred  to  in  Chapter  VII. 

114.  If  furnace  bars  are  made  with  square  ends  so  as 
to  fit  tightly  in  their  places,  they  are  compelled  to  bend 
on  account  of  the  expansion  they  undergo  when  heated. 
For  this  reason  the  ends  of  furnace  bars  should  be  bevelled 
off  011  the  lower  side  at  an  angle  less  than  the  limiting- 
angle  of  friction,  and  should  be  carried  on  bearers  bevelled 
to  the  same  angle,  plenty  of  room  being  left  between  the 
ends  of  the  bars  and  the  ends  of  the  furnace. 

G.  H.  G 
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115.  The  flanged  iron  pipes  often  used  to  convey  steam 
from  boilers  to  engines  are  sometimes  connected  by  copper 
connecting  pieces  of  the  form  shown  in  Fig.  16A.     As  the 
pipes  expand  or  contract,  these  copper  connections  have 
their  curvatures  changed,  so  as  to  accommodate  themselves 
to  the  pipes.    "  Expansion  joints  "  in  the  form  of  telescopic 
slides  are  frequently  employed  in  place  of  these  connect- 
ing pieces,  and  often  long  bends,  or  "  spring  pipes,"  are 
used  to  obviate  the  necessity  of  expansion  joints. 

116.  When  roof  principals   of  considerable  span  are 
constructed  of  iron,  it  is  necessary  to  provide  for  their  ex- 
pansion without  interfering  with  the  walls.     Such  princi- 
pals should  rest  on  rollers  carried  on  the  wall  plates,  and 
fixed  abutments  should  be  placed  at  such  a  distance  as  to 
give  plenty  of  room  for  expansion.     The  effect  of  wind  011 
one  side  of  the  roof  will  then  be  to  cause  the  principals  to 
press   against  the  abutments  on  the  opposite  side,  and 
through  these  the  horizontal  wind  pressure  will  be  trans- 
mitted to  the  outside  buttresses. 

117.  In  the  construction  and  use  of  standards  of  length, 
it  is  of  extreme  importance  that  the  temperature  should  be 
carefully  observed,  and  corrections  made  for  expansion  or 
contraction.     The  Imperial  standard  yard  is  defined  as  the 
distance  between  the  centre  of  two  fine  lines  engraved  on 
the  gold  plugs  which  are  inserted  in  a  certain  bronze  bar 
kept  in   the    Exchequer   Chamber,    and   known    as  the 
Imperial  standard  yard,  the  temperature  of  the  bar  being 
62°  F.     From  this  it  will  be  seen  that  before  employing  the 
bar  as  a  standard,  it  must  be  brought  to  the  temperature 
of  62°  F.     The  room  at   Southampton,  which  was  con- 
structed by  Col.  Clarke  for  the  standards  belonging  to  the 
Ordnance  Survey,  is  most  carefully  protected  from  changes 
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of  temperature  by  double  walls  and  double  doors,  so 
arranged  that  the  first  must  be  closed  before  the  second 
can  be  opened. 

118.  In  field  work  it  is  of  course  impossible  to  keep  the 
measuring  bars  always  at  the  same  temperature,  and  it  is 
therefore  necessary  to  know  their  coefficients  of  expansion , 
and  to  observe  their  temperature  from  time  to  time  during 
the  day,  in  order  to  make  the  necessary  corrections.  The 
measuring  bars  designed  by  Colonel  Drummond  for  the 
Indian  Survey  are  so  ar-  FIG  17 

ranged,  or  compensated, 
that  the  distance  between 
the  marks  is  independent 
of  the  temperature.  Their 
construction  is  illustrated 
by  the  diagram  (Fig.  17).  AB  is  a  bar  of  brass,  and  CD 
an  equal  bar  of  iron.  These  are  connected  by  the  cross 
pieces  EC  A,  FDB  by  pins  at  A,B,C  and  D.  The  points 
which  mark  the  ends  of  the  standard  are  placed  at  E  and 
F,  so  that  AE  :  CE\:  BF:  DF ::  coefficient  of  expansion  of 
brass  :  coefficient  of  expansion  of  iron.  If  the  temperature 
be  raised  AB  expands  more  than  (7D,  and  the  bars  AE, 
BF  are  caused  to  incline  towards  one  another  in  such  a 
way  that  the  distance  between  J5Jand  .F  remains  unchanged. 
Microscopes  are  employed  along  with  the  bars,  and  one 
microscope  is  placed  upon  the  ground  and  its  movable  wire 
adjusted  till  it  coincides  with  the  image  of  E.  The  bar  is 
then  advanced,  and  so  placed  that  the  image  of  F  is  on 
the  wire,  and  then  the  microscope  is  again  moved  to  E. 
Two  microscopes  are  generally  employed  to  prevent  acci- 
dents, and  the  first  is  not  moved  till  the  second  is  adjusted. 

119.  Perhaps  the  expansion  of  metals  causes  more 
trouble  to  horologists  than  to  any  other  class  of  persons. 
The  rate  of  a  clock  is  usually  governed  by  a  pendulum, 
and  the  time  of  vibration  of  a  pendulum  depends  on  the 
distance  between  the  centres  of  suspension  and  of  oscilla- 
tion. Now,  if  the  pendulum  consist  of  a  simple  metallic 
rod  carrying  a  weight,  when  it  is  heated  it  expands,  and 
this  distance  is  increased,  so  that  the  clock  is  retarded, 
while  on  cooling  it  is  accelerated.  A  compensating  pen 
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dulum  is  one  in  which  the  distance  between  the  centres 
of  oscillation  and  suspension  is  independent  of  the  tem- 
perature. 

120.  A  compensating  pendulum  may  be  constructed 
on  precisely  the  same  principle  as  the  Drummond  bars, 
with  this  difference,  that  the  cross  piece  BD  (Fig.  17) 
should  be  rigidly  connected  to  the  bars  AB  and  C7J,  so 
that  only  AE  may  change  its  inclination.     The  centre  of 
suspension  should  be  connected  to  7?,  the  bar  AB  being 
somewhat   produced,  and  the  pendulum  bob  suspended 
from  E.     For  the  sake  of  symmetry  the  arrangement  may 
be  duplicated  about  AB,  so  that  there  are  bars  correspond- 
ing to   CD  and  AE  on  each  side  of  AB.     Ellicott's  pen- 
dulum is  only  a  modification  of  this,  the  iron  bar  being 
placed  between  two  brass  bars,  and  a  ring  attached  to  the 
lower  end  of  the  iron  bar,  which  is  pivoted  to  two  cross 
pieces,  from  the  outside  extremities  of  which  the  bob  is 
suspended.     The  brass  bars  press  upon  the  other  extremi- 
ties of  the  cross  pieces,  and  thus  by  their  expansion  raise 
the  points  of  suspension  of  the  bob. 

121.  In  Graham's  mercurial  pendulum  the  bob  consists 
of  a  glass  vessel  containing  mercury.     Now  the  coefficient 
of  apparent  expansion  of  mercury  in  glass  is  very  much 
greater  than  the  coefficient  of  linear  expansion  of  the  iron 
FIG.  18.      suspension-rod,  and   while   the   latter    expands 

downwards,  the  centre  of  gravity  of  the  mercury 
in  the  glass  vessel  is  raised  by  the  expansion  of 
the  mercury,  and  the  quantity  of  mercury  is  so 
arranged  that  the  latter  expansion  just  compen- 
sates for  the  former,  and  the  centre  of  oscillation 
remains  unmoved.  The  rod  of  Graham's  pendu- 
lum was  made  of  glass,  but  mercurial  pendulums 
are  now  usually  constructed  with  iron  rods. 

122.  Harrison's  gridiron  pendulum  is  shown 
in  Fig.  18.  The  vertical  rods  there  indicated  by 
black  lines  consist  of  iron,  those  shown  by  light 
lines,  of  which  only  fo^jFare  shown  in  the  figure, 
though  there  should  be  at  least  six,  are  made  of 
brass.  It  is  obvious  from  the  construction  that 
fneexpansion  of  the  iron  rods,  which  are  sup- 
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ported  at  their  upper  ends,  tends  to  lower  the  bob,  while 
that  of  the  brass  rods,  all  of  which  are  supported  at  their 
lower  ends,  tends  to  raise  it.  Since  the  coefficient  of  ex- 
pansion of  brass  is,  roughly  speaking,  about  1|-  times  that 
of  iron,  it  follows  that  the  ratios  of  the  lengths  of  the 
brass  bars  to  those  of  the  iron  bars,  and  the  distribution 
of  metal  throughout  the  pendulum,  can  be  so  arranged 
as  to  keep  the  distance  between  the  centres  of  suspension 
and  oscillation  independent  of  the  temperature. 

123.  A  form  of  pendulum  which  is  much  more  easily 
constructed  than   the   gridiron  pendulum,  and    answers 
better,  inasmuch  as  it  exposes  less  surface  to  the  friction 
of  the  air,  and  has  its  centre  of  mass  much       FIG.  19. 
lower  down,  is  shown  in  Fig.  19.     It  consists 

of  an  iron  tube  AB,  shown  in  section  in  the 
figure  ;  inside  this  tube,  and  fitting  it  loosely, 
is  placed  a  zinc  tube,  which  is  supported  by 
being  rivetted  to  the  iron  at  B.  From  the 
top  of  the  zinc  tube  hangs  an  iron  rod  CD, 
which  carries  the  bob.  Here  it  is  obvious 
that  the  pendulum  will  be  compensated  if 

o 
EC  be   about  equal  to  ^  (AB  +  CD],  since 

the  coefficient  of  linear  expansion  of  zinc  is 
about  2i  times  that  of  iron.  In  order  to 
give  sufficient  length  to  the  zinc  tube,  these 
pendulums  are  usually  constructed  so  that 
the  point  B  is  within  a  hole  drilled  through 
the  bob. 

124.  The   movements   of  watches  and   chronometers 
are  governed  by  "  balance-wheels  "  which  oscillate  under 
the  action  of  the  elasticity  of  the  hair-spring,  to  which 
they  are  attached.     The  time  of  oscillation  of  the  wheel 
depends  upon  its  moment  of  inertia,  and  increases  with  it. 
Now  this  is  increased  by  increasing  the  diameter  of  the 
wheel,  though   the  mass  remains   unchanged.     Hence  a 
simple  balance-wheel  will  cause  the  rate  of  the  watch  to 
diminish  as  the  temperature  increases.     This  is  obviated 
in  the  chronometer   balance-wheel    shown   in    Fig.   20, 
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by  making  the  circumference  of 
the  wheel  of  two  metals,  the 
outer  of  which  is  some  metal,  as 
brass,  whose  coefficient  of  ex- 
pansion is  great,  while  the  inner 
metal  is  steel,  or  some  other, 
whose  coefficient  of  expansion 
is  small.  The  circumference  is 
cut  into  two  or  three  parts,  each 
of  which  is  supported  at  one  end 
by  an  arm  of  the  wheel.  Now, 
if  the  temperature  increase,  the 
distances  of  the  points  A.B,C 
from  the  centre  of  the  wheel  will  increase  011  account  of 
the  expansion  of  the  arms,  while  the  curvature  of  the  arcs 
AD,BE.CF  will  increase  because  the  outer  metal  will  ex- 
pand more  than  the  inner.  This  will  occasion  the  points 
Z),  E,  F  to  approach  the  centre,  and  the  weights  of  the 
heavy  screws  attached  to  each  arc  can  be  so  adjusted  that 
the  moment  of  inertia,  and  therefore  the  time  of  oscilla- 
tion of  the  wheel,  is  unaffected  by  change  of  temperature. 
Balance-wheels  are  generally  made  by  first  turning  a 
small  wheel  in  steel  and  then  casting  a  ring  of  brass 
around  it  before  cutting  through  the  circumference. 

Inasmuch  as  the  elasticity  of  the  hair-spring  is  generally 
affected  by  change  of  temperature,  diminishing  as  the 
temperature  is  raised,  it  follows  that  if  the  moment  of 
inertia  of  the  balance-wheel  were  kept  constant  the  rate 
of  the  watch  would  diminish  with  increase  of  temperature 
on  account  of  the  change  in  the  hair-spring.  Hence  it  is 
necessary  that  the  moment  of  inertia  of  the  wheel  should 
be  diminished  as  the  temperature  is  raised ;  that  is,  that 
FIG.  21.  the  balance-wheel  should  be 

over-compensated . 

125.  The  change  of  curva- 
ture produced  in  a  compound 
bar,  similar  to  the  circum- 
ference of  the  balance-wheel, 
by  change  of  temperature, 
may  be  shown  by  rivet  ting 
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together  at  an  ordinary  temperature  plane  strips  of  zinc 
and  brass,  or  of  silver  and  platinum,  as  in  Fig.  21,  where 
the  brass  is  shaded.  On  heating  the  strip  it  will  as- 
sume the  second  form  shown,  while  on  cooling  it  in  a 
freezing  mixture  it  will  take  the  third  form.  This  experi- 
ment shows  conspicuously  the  difference  in  the  expansion 
of  two  metals  for  the  same  increments  ot  temperature. 

126.  Breguet's  thermometer  consists  of  very  thin  strips 
of  silver,  gold,  and  platinum,  which  are  rolled  together  so 
as  to  form  a  thin  narrow  ribbon,  and  this  is  wound  into  a 
helix,  in  which  the   silver  is   on  the   outside    and    the 
platinum  on  the  inside.     If  the  temperature  of  the  ribbon 
increase,  the  helix  winds  itself  tighter,  because  the  expan- 
sion of  the  outside  is  greater  than  that  of  its  inner  surface  ; 
while,  when  it  is  cooled,  it  partially  unwinds.     If  one  end 
of  the  ribbon  be  fixed,  and  a  needle  or  mirror  attached  to 
the  other  end,  a  very  sensitive  thermometer  is  obtained. 

This  thermometer  is  sometimes  employed  as  a  rough 
galvanometer  for  indicating  the  passage  of  an  electric  cur- 
rent. The  helix  is  supported  at  the  top  by  a  metal  arm 
connected  with  one  electrode,  while  a  wire  connected  with 
its  lower  end  dips  into  a  cup  of  mercury  in  communication 
with  the  other  electrode.  The  current  thus  flows  through 
the  helix  itself  and  manifests  its  presence  by  its  heating 
effect. 

127.  The  points  upon  railways  are  connected  with  the 
pointsman's  lever  by  iron  rods,  and  when  the  distance  is 
considerable  the  expansion  and  contraction  of  the  rods 
through  changes  of  temperature  would  cause  the  points 
to  move  without  any  change  in  the  position  of  the  lever  if 
no  precaution  were  taken  to  prevent  it.     In  order  to  over- 
come this  difficulty  the  connecting  rods  are  fastened  to 
short  levers  BCD,  EFG  (Fig.  22),  which  can  turn  freely 
about  pivots   C,  F,  which  are  fixed  relative  to  the  per- 
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maneiit  way.  If  A  represent  the  end  of  the  rod  which  is 
attached  to  the  lever,  and  H  the  end  which  is  connected 
with  the  points,  the  condition  that  //should  remain  fixed 
as  long  as  A  is  fixed  is  that  the  expansion  of  DE  should 
be  equal  to  that  of  AB  and  GH  together,  or  that  the  length 
of  DE  should  be  equal  to  the  sum  of  the  lengths  of  AB 
and  GH.  Any  number  of  levers  similar  to  BCD  may  be 
introduced,  but  the  condition  which  must  always  be  ful- 
filled by  the  bars  is  that  the  sums  of  the  lengths  of  the 
alternate  bars  should  be  the  same. 


CHAPTEE  V. 

ON  THE  EFFECTS  OF  HEAT  UPON  GASES.  THE  GASEOUS 
LAWS.  COOLING  OF  GASES  BY  EXPANSION.  SPECIFIC 
HEAT  OF  AIR  AT  CONSTANT  PRESSURE  AND  AT  CONSTANT 
VOLUME.  DIFFUSION  OF  GASES. 

128.  Boyle's  Law.     We  have  now  to  consider  the 
effects  of  heat  upon  gases.     A  gas  has  been  denned  as 
a  fluid,  a  finite  portion  of  which  can  be  made  to  occupy  any 
assigned  space,  however  great,  by  sufficiently  diminishing  the 
pressure   to    ivhich  it  is  exposed.     In   speaking,  then,    of 
the  volume  of  a  quantity  of  gas,  it  is  of  primary  import- 
ance to  specify  the  pressure  under  which  this  volume  is 
measured.     The  law  connecting  the  volume  and  pressure 
of  a  given  mass  of  gas  at  constant  temperature  is  known 
as  Boyle's  or  Mariotte's,  law,  and  is  as  follows : — 

The  volume  of  a  given  mass  of  gas  at  constant  tempera- 
ture varies  inversely  as  its  pressure  ;  or,  The  product  of  the 
numerical  measures  of  the  volume  and  pressure  of  a  given 
mass  of  gas  at  constant  temperature  is  constant. 

129.  This  may   be   shown  experimentally      FIG.  23. 


by  partially  filling  a  tall  U  tube  ABC,  with 
mercury,  closing  the  end  C,  and  then  pouring 
mercury  into  or  out  of  the  arm  AB.  It  will 
be  found  that  when  the  air  in  BC  has  acquired 
its  original  temperature  after  this  operation, 
its  volume  will  vary  inversely  as  the  sum  or 
difference  of  the  height  of  the  mercurial  baro- 
meter and  of  the  difference  in  height  of  the 
surfaces  of  the  mercury  in  the  two  arms  of  the 
tube, — that  is,  inversely  as  the  whole  pressure 
to  which  it  is  subjected  ;  the  difference  of  level 
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of  the  mercury  in  the  arms  being  added  to  the  height  of 
the  barometer  when  the  mercury  in  AB  stands  above 
that  in  BC\  and  subtracted  from  it  when  the  opposite  is 
the  case. 

130.  Instead  of  the  U  tube,  a  more  convenient  appara- 
tus consists  of  two  glass  tubes  connected  by  a  few  feet  of 
flexible  india-rubber  tubing,  having  a  small  bore  and  thick 
wall,  so  as  to  be  able  to  sustain  a  pressure  of  six  or  eight 
feet  or  more  of  mercury.     The  tube  which  corresponds  to 
the  arm  C  in  Fig.  23,  and  which  should  be  of  uniform  bore, 
or  be  calibrated,  is  fixed  to  a  long  vertical  scale,  while  the 
tube  corresponding  to  the  arm  A  can  be  moved  up  and 
down  the  scale.     The  two  tubes  being  placed  at  the  same 
height,  mercury  is  poured  into  the  apparatus  till  it  reaches 
the   middle  of  the  tubes.     The  tube  A  should  then  be 
raised  till   0  is   completely  filled  with  mercury.      The 
upper  end  of  (7,  which  has  been  left  open,  should  then  be 
connected  with  a  desiccating  apparatus,  so  that  on  lower- 
ing A  pure  dry  air  may  be  drawn  into  (7,  and  when  C  is 
about  one- third  full  of  air  its  upper  end  should  be  sealed 
with  the  blow-pipe  flame.     The  pressure  upon  the  air  in 
C  may  then  be  increased  or  diminished  to  any  extent 
within  the  limits  fixed  by  the  length  of  the  india-rubber 
tube,  while  the  difference  in  level  of  the  surfaces  of  the 
mercury   in   the  tubes  is   measured  by   the   scale.      By 
employing  a  scale  etched  on  plate  glass  and  silvered  at 
the  back,  all  danger  of  parallax  can  be  removed  by  caus- 
ing the  surface  of  the  mercury  to  exactly  cover  its  image 
formed  in  the  mirror-scale.     This  last  device  is  due  to 
Professor  Jolly. 

131.  Expansion  of  air  and  other  Gases.     The  in- 
crease in  volume  of  a  quantity  of  air  for  a  given  change  of 

temperature,  when  the  pres- 
FlG-  24-  sure  is  kept  constant,  may  be 

roughly  determined  by  tak- 
— =  ing  an  empty  thermometer 

tube,  warming  it,  and,  when 
it  begins  to  cool,  dipping  the 

end  under  the  surface  of  mercury  for  a  very  short  time,  so 
that  a  small  pellet  of  mercury  may  be  made  to  enter  the 


EXPAXS1OX    OF    AIR.  91 

tube.  The  volume  of  the  air  within  the  instrument  will 
then  be  determined  by  the  position  of  the  pellet  of  mer- 
cury. This  apparatus  will  serve  as  an  air  thermometer 
for  a  small  range  of  temperature.  By  heating  the  bulb 
in  a  bath,  wrhose  temperature  is  measured  by  a  mercurial 
thermometer,  it  will  be  found  that  the  volume  of  the  air 
increases  very  nearly  uniformly  for  equal  increments  of 
temperature  indicated  by  the  mercurial  thermometer.  It  is 
not  easy,  however,  to  obtain  accurate  results  with  this 
instrument,  as  the  pellet  of  mercury  is  apt  to  stick  in  the 
tube  and  then  suddenly  go  forward  with  a  rush. 

132.  If  the  thermometer  be  filled  with  any  other  gas, 
which  cannot  be  readily  liquefied,  as  oxygen,  hydrogen, 
nitrogen,  etc.,  it  will  be  found   that  the   coefficient   of 
expansion  is  almost  precisely  the  same  as  for  dry  air,  and 
that  for  every  increase  in  temperature  of  1°  C.,  under  any 
constant  pressure,  each  of  these  gases  expands  by  about 

„_  -  of  the  volume  it  would  have  at  0°  C.  under  the  same 

pressure  (though  this  rate  is  not  quite  uniform  if  the 
temperature  be  indicated  by  the  mercurial  thermometer). 
If  the  volumes  of  quantities  of  these  different  gases,  always 
subject  to  the  same  pressure,  be  equal  at  some  particular 
temperature,  they  will  also  be  almost  exactly  equal  when 
they  are  all  at  any  other,  the  same,  temperature.  Hence, 
thermometers  filled  with  any  of  the  so-called  permanent 
gases  all  indicate  the  same  scale  of  temperature,  which, 
however,  as  stated  in  Chapter  I.,  differs  very  little  from 
that  of  the  mercurial  thermometer. 

133.  Charles'  Law.     From  the  preceding  we  see  that 
if  v^  represent  the  volume  of  any  quantity  of  a  permanent 
gas  at  0°  C.,  and  v,  its  volume  under  the  same  pressure 
at  f  C.,  then 


Thus  if  the   gas  occupied   273  cubic  inches  at  0°  C.,  it 
would  occupy  274  cubic  inches  at  1°  C.,  and  373  cubic 

inches  at  100°  C.     The  fraction  ._  is  often  denoted  by  a. 

070  •/ 
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134.  Now  suppose  that  instead  of  having  the  air  in  a 
bulb  tube  we  have  it  in  a  tube  of  uniform  bore  through- 
out, and  closed  at  the  lower  end.  Then  the  volume  of  the 
air  will  be  proportional  to  the  distance  of  the  bottom  of 
the  pellet  of  mercury  from  the  bottom  of  the  tube.  Sup- 
pose that  when  the  temperature  is  0°  C.  the  air  occupies 
7'23  inches  of  the  tube.  Let  a  mark  be  placed  at  this 
distance  from  the  bottom,  and  called  the  freezing  point. 
Now  place  the  whole  tube  in  the  steam  above  boiling 
water,  as  in  the  case  of  the  mercurial  thermometer  de- 
scribed in  Chapter  I.  ;  it  will  then  be  found  that  the  air 
will  occupy  37*3  inches  of  the  tube.  Marking  the  tube 
at  this  height  (calling  it  the  boiling  point),  and  dividing 
the  distance  between  this  point  and  the  freezing  point 
into  100  equal  parts,  or  degrees,  each  degree  will  occupy 
one-tenth  of  an  inch  of  the  tube.  Marking  off  distances 
each  equal  to  the  tenth  of  an  inch  below  the  freezing 
point,  and  indicating  them  by  the  corresponding  number 
with  a  negative  sign  prefixed,  we  find  that  the  bottom  of 
the  tube  is  marked  -  273°.  Hence  we  infer  that  if  the 
law  of  contraction  of  air  with  decrease  of  temperature 
remained  the  same  as  at  ordinary  temperatures,  and 
we  could  cool  the  air  to  a  temperature  corresponding  to 
-  273°  C.,  its  volume  would  be  zero.  Of  course  we  never 
expect  to  realize  this,  for  even  supposing  it  possible  to 
attain  this  low  temperature,  which  we  never  hope  to  do, 
the  air  would  probably  cease  to  be  a  gas  long  before 
reaching  it.  The  temperature  corresponding  to  the 
bottom  of  the  tube  is  called  the  absolute  zero  of  the  air 
thermometer,  and  temperatures  reckoned  from  this  point 
are  called  absolute  temperatures.  The  absolute  tempera- 
ture of  the  freezing  point  is  therefore  273°,  and  that  of 
the  boiling  point  373°.  Now  the  volume  of  the  air  in  the 
tube  at  any  temperature  is  proportional  to  the  length  of 
the  tube  which  it  occupies,  and  therefore  to  the  absolute 
temperature  indicated  by  its  upper  surface.  Hence  we 
see  that, 

The  volume  of  any  mass  of  air,  or  other  gas,  at  constant 
pressure  increases  uniformly  with  the  temperature,  and  is 
proportional  to  the  temperature  reckoned  from  the  absolute 
zero  of  the  air  thermometer. 
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This  is  sometimes  called  Charles',  but  more  generally 
Gay  Lussac's,  law.  Boyle's  law  and  this  together  con- 
stitute "  the  gaseous  laws,"  which  should  be  carefully  re- 
membered. 

135.  Ex.  A  quantity  of  gas  occupies  10  cubic  inches 
at  a  temperature  of  15°  C.  ;  wliat  will  be  its  volume  under 
the  same  pressure  at  75°  C.  ? 

15°  C.  corresponds  to  ('273  +  15)°,  or  288°  above  the  abso- 
lute zero  of  the  air  thermometer,  while  75°  C.  corresponds 
to  an  absolute  temperature  of  348°. 

At  288°  Abs.  Temp,  the  gas  occupies  10  cubic  inches. 

:.  at  1°     ......     it  would  occupy  =-6b  cubic  ins. 

Job 

/.  at  348^.  .  ............  10-x48cubic  ins. 


=  12'08     .  .  .     cubic  inches. 

This  is  perhaps  the  simplest  method  of  finding  the 
relative  volumes  of  a  quantity  of  gas,  corresponding  to 
different  temperatures. 

136.  Relation  between  Pressure  and  Tempera- 
ture at  Constant  Volume.  Boyle's  law  states  that 
the  product  of  the  numerical  measures  of  the  pressure  and 
volume  of  a  given  mass  of  gas  remains  constant  while  the 
temperature  remains  so  ;  and  we  have  just  seen  that  if 
the  pressure  be  kept  constant  the  volume  is  proportional 
to  the  absolute  temperature. 

Now,  let  v  denote  the  volume  and  p  the  pressure  of  a 
quantity  of  gas  whose  temperature,  reckoned  from  abso- 
lute zero,  is  T°.  Let  the  temperature  be  changed  to  T.,0, 
the  pressure  remaining  the  same.  Let  the  volume  then 
become  VL.  Then 

ei  =  ej;  ........................  (1), 

T 
=$vj^. 

Now  let  the  pressure  be  increased,  the  temperature  re- 
maining at  T°  till  the  volume  is  again  reduced  to  v,  and 
let  2h  denote  the  pressure  when  this  is  the  case.  Then, 
since  the  temperature  is  kept  constant, 

plv=pi\,  by  Boyle's  law. 
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Now,  if  the  gas  were  heated  to  T°,  its  volume  being 
kept  constant,  we  should  finally  have  arrived  at  the  same 
state  of  things  as  by  the  process  we  have  adopted,  and 
the  pressure  would  then,  as  now,  be  denoted  by  pv 
Hence, 

The  pressure  of  any  mass  of  gas  whose  volume  is  kept 
constant  increases  uniformly  ivith  the  temperature,  and  is 
proportional  to  the  temperature  reckoned  from  the  absolute 
zero  of  the  air  thermometer. 

FIG.  25.  137.     This  result  may  be  tested 

experimentally  by  an  apparatus 
designed  by  Professor  Balfour 
Stewart,  the  essential  portions  of 
which  are  shown  in  Fig.  25. 

AB  is  a  vessel  containing  mer- 
cury, and  closed  at  one  end  by  a 
piston,  which  can  be  made  to  slide 
in  and  out  through  a  stuffing  box 
by  means  of  the  screw  $,  and  thus 
to  change  the  capacity  of  the  vessel 
AB.  E  is  a  vertical  glass  tube 
communicating  with  the  interior 
of  AB,  and  open  at  the  top,  while 
the  tube  F  is  connected  with  a  very  fine  tube  leading 
from  the  glass  bulb  K.  The  bulb  K  is  filled  with  per- 
fectly dry  air,  and  then  attached  to  F.  K  is  then  cooled 
to  some  known  temperature,  as  by  placing  it  in  a  quantity 
of  melting  ice,  and  the  mercury  in  F  is  made  to  rise  to  a 
marked  point  G,  where  the  tube  is  very  narrow,  by  turn- 
ing the  screw  S.  The  excess  of  the  height  of  the  mercury 
in  the  open  tube  E  over  its  height  in  F,  when  added  to 
the  height  of  the  barometer,  gives  the  whole  pressure  to 
which  the  air  in  K  is  subjected.  Call  this  P.  The  bulb' 
K  is  then  heated  to  some  known  temperature,  as,  for  in- 
stance, by  placing  it  in  the  steam  over  boiling  water, 
and  the  piston  C  is  advanced  by  means  of  the  screw  S 
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till  the  mercury  in  F  again  reaches  G.  Determining  as 
before  the  pressure  to  which  the  air  in  K  is  subjected, 
and  denoting  it  by  P1?  we  find  that 

P  —  P    l 

-1   I  —  -*     tlM 

where  T°  and  rl\°  denote  the  temperatures  of  the  bulb  in 
the  first  and  second  experiments  respectively,  reckoned 
from  the  zero  of  the  air  thermometer.  If  the  tempera- 
tures employed  are  those  of  melting  ice  and  of  the  steam 
over  water  boiling  at  the  standard  pressure,  we  find 


*        i73> 

The  cylinder  and  piston,  which  is  necessarily  a  some- 
what expensive  apparatus,  may  be  replaced  by  a  strong 
vessel  of  india-rubber,  which  can  be  slowly  compressed 
between  two  plates  of  metal  by  means  of  a  screw.  The 
apparatus  is  rendered  much  more  convenient  for  use  by 
bending  the  tube  KG  so  that  it  may  rise  vertically  for  an 
inch  or  two  from  the  bulb.  It  is  then  easier  to  immerse 
the  bulb  in  a  vessel  of  water. 

138.  Professor  Jolly's  air  thermometer,  which  serves 
the  same  purpose  as    the  last-mentioned  instrument,  is 
similar  to  the  apparatus  described  in  Art.  130,  except  that 
the  tube  G  is  replaced  by  a  bulb  tube  so  bent  that  it  can      • 
be  conveniently  raised  to  any  desired  temperature  in  a  * 
bath,  and  having  a  portion  of  its  neck,  in  which  the  sur-      " 
face  of  the  mercury  is  kept,  very  narrow.     The  bulb  tube 

is  also  supplied  with  a  branch  and   stop-cock,  through   : 
which  it  can  be  exhausted  and  filled  with  any  gas  which 
may  be  desired. 

139.  Summary  of  the  Gaseous  Laws.     We  have 
seen  then,  that,  if  the  pressure  be   kept   constant,  the 
volume  of  a  given  mass  of  gas  varies  as  its  absolute  tem-jb- 
perature  ;  while  if  the  volume  be  kept  constant,  the  pres-   / 
sure  varies   as  the  absolute  temperature.     Hence,  when  . 
both  volume  and  pressure  are  allowed  to  vary  together, 

The  product  of  the  numerical  measures  of  the  pressure  ' 
and  volume  of  a  given  mass  of  gas  increases  uniformly  with 
the  temperature,  and  is  proportional   to   the   temperature 
reckoned  from  the  absolute  zero  of  the  air  thermometer. 

•-      ••••   urfu 
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140.  As  an  example  of  the  application  of  the  preceding 
laws,  we  may  take  the  following  :— 

A  quantity  of  air  occupies  1  cubic  foot  at  a  temperature  of 
59°  F.  and  under  a  pressure  o/"30-24  inches  of  mercury.  It 
is  required  to  find  its  volume  at  113°  F.  tinder  a  pressure  of 
28*62  inches  of  mercury. 

59°  F.  corresponds  to  15°  C.,  or  an  absolute  temperature 
of  288°;  while  113°  F.  corresponds  to  45°  C.,  or  318°  C. 
above  the  absolute  zero  of  the  air  thermometer.  Hence, 
if  the  pressure  remained  constant,  the  volume  at  113°  F. 
would  be 

lx|j|  cub.  feet. 

But  the  pressure  changes  from  30'24  to  28'62  inches  of 
mercury,  and  the  volume  varies  inversely  as  the  pressure. 
Therefore  the  actual  volume  is 

SH§S«« =»«»«• 

Or  we  may  proceed  thus  : — 

Volume  at  288°  under  pressure  of  30-24  inches  is  1  c.  ft. 

1 


30-24 


1°  ...............  linch   ...     !*g*c.  ft. 


318°  .............  28'62 


141.  Absolute  Zero.  "We  have  seen  that  if  the 
volume  be  kept  constant,  the  pressure  of  a  given  mass  of 
gas  is  proportional  to  its  temperature  above  the  absolute 
zero  of  the  air  thermometer.  Hence,  at  the  absolute  zero 
of  temperature  the  pressure  of  any  quantity  of  gas  would 
be  zero,  supposing  the  same  law  to  hold  ab  such  a  low 
temperature.  Now,  according  to  the  molecular  theory  of 
gases,  a  gas  consists  of  a  number  of  very  small  particles 
or  molecules,  moving  about  with  great  velocity  in  all 
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directions  (Art.  86).  The  pressure  of  the  gas  on  any  sur- 
face in  contact  with  it  is  due  to  the  continual  impacts  of 
these  molecules  ;  and  it  may  be  shown  that  the  pressure 
of  a  gas  upon  a  surface  is  proportional  to  the  kinetic^ 
energy  possessed  by  the  unit  of  volume  of  the  gas.  Hence, 
when  this  pressure  is  zero,  it  follows  that  the  gas  possesses 
no  kinetic  energy,  and  that  its  particles  are  therefore  at 
rest.  This  is  a  reason  why  the  zero  of  the  air  thermo- 
meter should  be  considered  to  be  the  absolute  zero  of 
temperature. 

142.  Coefficients  of  Expansion  of  Gases.  A  perfect 
gas  is  an  ideal  substance  which  strictly  follows  Boyle's 
law.     All  known  gases  deviate  to  some  extent  from  this 
law,  and  those  which  deviate  most  from  Boyle's  law  also 
deviate  most  from  Gay  Lussac's  law.     Gases  which  can 
be  readily  liquefied  deviate  considerably  from  the  gaseous 
laws,  and  the  more  so  as  they  approach  the  temperature 
and  pressure  at  which  they  become  liquid,  when  the  co- 
efficient of  expansion  rapidly  increases. 

As  a  general  rule  gases  have  a  greater  coefficient  of 
expansion  than  liquids,  and  liquids  than  solids.  The  co- 
efficients of  expansion  of  liquids  and  solids  generally  in- 
crease as  the  temperature  is  raised,  if  the  temperature  be 
measured  by  the  air  thermometer. 

143.  In  the  following  table  the  second  column  con- 
tains the  mean   coefficients  of   expansion  of  the   gases 
mentioned  in  the  first  column  between  0°  C.  and  100°  C. 


Name  of  gas. 

Constant 
press  me. 

Constant 
volume. 

Hydrogen 

•003661         -003H67 

Air 

•003670        -003665 

Nitrogen 

•003668 

Carbonic  oxide 

•003669        -'003667 

„           anhydride  C/0  \, 

•003710        -003688 

Nitrous  oxide  %vO 

•003719 

•003676 

Sul  phurous  anhydrideav003903 
Cyanogen  fc^l           ,    '003877 

•003845 
•003829 

G,  H. 


Jl 
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at  constant  ordinary  pressure,  and  the  third  column  indi- 
cates the  mean  rate  of  increase  of  pressure  of  the  same 
gases  for  the  same  range  of  temperature  when  the  volume 
is  constant.  The  numbers  are  due  to  Regnau.lt. 

144.  From  the  table  given  in  the  last  Article  it  will 
be  seen  that  the  coefficients  for  hydrogen,  nitrogen,  and 
carbonic   oxide,  gases  which   can   be   liquefied   only  by 
means  of  intense  cold  and  pressure,  are  sensibly  the  same 
as  for  air ;  while  in  the  case  of  each  of  these  gases  the 
rate   of  increase  of  volume  per  degree  of   temperature, 
when  the  pressure  is  constant,  is  very  nearly  the  same  as 
the  rate  of  increase  of  pressure  when  the  volume  is  con- 
stant ;  or  the  gases  obey  Boyle's  law.     The  coefficients  of 
expansion  of  the  other  gases  mentioned  in  the  table  differ 
sensibly  from  that  of  air,  and  in  their  cases  the  rates  of 
increase  of  volume  and  of  pressure  are  not  the  same  ;  that 
is,  the  gases  diverge  sensibly  from  Boyle's  law.     These 
gases  can  be  liquefied  with  comparative  ease. 

As  mentioned  in  Chapter  I.,  it  is  the  almost  exact 
agreement  between  the  expansions  of  air,  hydrogen, 
oxygen,  nitrogen,  carbonic  oxide,  and  some  other  gases  at 
different  temperatures,  which  renders  the  scale  of  the  air 
thermometer  of  peculiar  importance  ;  and,  moreover,  the 
specific  heat  of  these  gases  is  the  same  at  all  temperatures 
measured  by  the  air  thermometer. 

145.  Differential  Thermometer.      The  great  co- 

efficient of  expansion  of  air  renders  it  use- 
ful for  the  construction  of  sensitive  ther- 
mometers.  A  common  form  of  the  differ- 
ential thermometer  is  shown  in  Fig.  26. 
It  consists  of  a  glass  tube  bent  as  shown 
in  the  figure,  and  having  a  bulb  at  each 
extremity.  The  middle  portion  of  the 
tube  is  partly  filled  with  coloured  liquid, 
while  the  two  upper  bends  are  united  by 
a  short  tube  which  can  be  closed  by  a 
plug  tap  A.  When  A  is  opened  the  pres- 
sures  in  the  two  bulbs  are  equalised,  and 
the  liquids  stand  at  the  same  height  in 
each  limb.  The  tap  A  is  then  closed.  Now,  if  the  tcm- 
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perat-ure  of  the  bulbs  be  initially  the  same,  and  if  the 
temperature  of  either,  or  both,  change,  the  pressure  of  the 
air  will  be  greater  in  that  whose  temperature  suffers  the 
greater  increase,  and  the  liquid  will  be  driven  by  the 
excess  of  pressure  towards  the  other  bulb,  the  difference 
of  the  heights  at  which  it  stands  in  the  two  limbs  roughly 
indicating  the  difference  in  the  changes  of  temperature  of 
the  two  bulbs.  If  the  bulbs  differ  in  temperature  when  A  - 
is  closed,  the  liquid  will  remain  undisturbed  provided  the 
absolute  temperature  of  each  be  increased  by  a  quantity 
proportional  to  itself. 

Leslie's  differential  thermometer  was  somewhat  simpler 
than  that  just  described,  the  tube  being  bent  only  twice 
at  right  angles,  and  a  bulb  being  placed  at  the  top  of  each 
branch  of  the  tube. 

146.  Air  heated  by  Compression.     If  a  quantity 
of  air  be  confined  in  a  cylinder  into  which  a  piston  is 
accurately  fitted,  and  the  piston  be  suddenly  and  violently 
depressed  so  as  to  compress  the  air,  the  latter  will  be  con- 
siderably heated  ;  so  much  so  that  German  tinder  placed 
within  the  cylinder  may  be  ignited,  or  if  a  glass  cylinder 
be  used,  and  a  little  vapour  of  bisulphide  of  carbon  diffused 
through  the  air  within  it,  the  vapour  may  be  inflamed, 
producing  a  brilliant  flash. 

147.  Suppose  a  quantity  of  air  to  be  heated  from  T° 
to  T!°  in  a  closed  vessel,  so  that  its  volume  is  kept  con- 
stant.    A  certain  amount  of  heat  will  be  absorbed.     Now 
let  an  equal  quantity  of  air  be  heated  through  the  same 
range  of  temperature,  its  pressure  being  kept  constant, 
and  the  air  therefore  allowed  to  expand.    The  two  quan- 
tities of  air  have  received  the  same  increment  of  tem- 
perature,  but   under   very   different    circumstances.     In 
the  second  case,  work  has  been  done  against  the  external 
pressure  by   the   expanding   air ;  in  the  case  of  the  air 
being  heated  in  a  closed  vessel  no  such  external  work  is 
done.     We  cannot,  however,  at  once  conclude  that  more 
heat   has  been   absorbed  in  the  latter  case  than  in  the 
former,  because  the  air  at  the  end  of  the  operation  is  not 
in  the  same  condition  in  the  two  cases.     Joule,  however, 
showed  that  when  air  expands  into  a  vacuum,  so  as  to  do 
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no  external  work,  there  is  no  appreciable  amount  of  heat 
absorbed  or  liberated,  so  that  no  heat  is  required  simply 
to  change  the  volume  of  the  air.  The  same  is  the  case 
with  all  the  more  perfect  gases,  but  cannot  be  said  of 
other  bodies.  As  far,  therefore,  as  the  heating  of  the  air 
is  concerned,  the  same  amount  of  heat  will  be  required  to 
raise  the  temperature  of  the  air  from  T°  to  J^0  whether 
the  volume  or  the  pressure  be  kept  constant ;  but  in  the 
latter  case  external  work  is  done,  the  energy  corresponding 
to  which  must  be  supplied  from  some  source,  and  the 
only  source  available  is  the  heat  supplied.  In  fact,  if 
air  be  allowed  to  expand  and  do  external  work  without 
receiving  heat,  its  temperature  falls,  because  the  energy 
corresponding  to  the  work  done  has  to  be  derived  from 
the  heat  of  the  gas  itself.  We  therefore  require  more 
heat  to  raise  a  quantity  of  air  through  a  certain  number 
of  degrees  at  constant  pressure,  than  is  necessary  when 
the  volume  is  kept  constant  by  an  amount  equivalent  to 
the  external  work  done  by  the  air  in  expanding.  From 
this  experiment  we  learn  that  the  specific  heat  of  air  at 
constant  pressure  is  greater  than  its  specific  lieat  at  constant 
volume.  If  both  the  pressure  and  volume  were  allowed 
to  increase,  the  specific  heat  would  be  intermediate  be- 
tween these  two  ;  while  if  the  volume  increased  so  much 
that  the  pressure  diminished,  it  would  be  greater  than 
the  first;  and  if  the  pressure  increased  so  much  that 
the  volume  diminished,  it  would  be  less  than  the  second. 
"We  shall  see  that  the  kinetic  theory  of  gases  completely 
explains  the  phenomena  referred  to. 

148.  Cooling  of  Air  by  Expansion.  Since  gases 
become  heated  when  suddenly  compressed,  it  will  follow 
that,  if  allowed  to  expand  by  relieving  the  pressure,  the 
gases  will  be  cooled,  provided  they  do  not  receive  heat 
from  without.  We  shall  meet  with  instances  of  this  in  a 
subsequent  chapter. 

The  low  temperature  produced  by  air  when  expanding 
and  doing  work  is  very  noticeable  in  engines  driven  by 
compressed  air.  The  exhaust  air  escaping  from  the 
cylinder  will  sometimes  produce  a  shower  of  snow,  if  the 
external  air  be  warm  and  not  very  dry,  while  the  exhaust 
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pipe  and  valves  become  coated  with  -hoar  f?os,t'.  , 
k'  air-compressors  "  or  force  pumps,  by'Jwiiicli  'the'aiV  is 
compressed  previously  to  being  transmitted  to  the  motors, 
or  compressed  air  engines,  require  very  special  arrange- 
ments to  keep  them  cool,  since  all  the  work  clone  by  the 
steam  engine,  or  other  source  of  power,  in  compressing 
the  air,  is  converted  into  heat  in  the  air  as  it  is  com- 
pressed. When  very  high  pressures,  such  as  400  Ibs.  or 
500  Ibs.  on  the  square  inch,  are  employed,  the  air  is  com- 
pressed in  two  successive  operations  in  different  pumps, 
the  compressed  air  from  the  first  pump  being  operated 
upon  and  further  compressed  by  the  second,  while  water 
is  made  to  circulate  round  the  barrels  of  both  pumps. 

The  expansion  of  compressed  air  is  frequently  employed 
for  the  production  of  very  low  temperatures,  as,  for 
example,  in  freezing  meat  for  conveyance  from  Australia 
and  America  to  this  country.  The  air  is  compressed,  and 
the  compressed  air  cooled  to  the  ordinary  temperature. 
It  is  then  allowed  to  expand,  and  is  thereby  cooled  to  a 
temperature  far  below  the  freezing  point.  It  then  passes 
through  the  chamber  containing  the  meat,  and  cools  the 
chamber  and  contents  down  to  the  temperature  required 
for  the  voyage.  The  work  done  by  the  compressed  air  in 
expanding  may  of  course  be  utilized  for  any  purpose.  In 
particular,  it  might  be  employed  in  assisting  to  work  the 
compressing  pumps. 

149.  If  a  quantity  of  gas  be  allowed  to  expand  without 
doing  any  external  work,  as  when  it  expands  into  a 
vacuum,  no  heat  is  lost  or  gained  by  the  gas  as  a  whole. 
This  was  shown  by  Dr.  Joule,  who  connected  a  vessel 
containing  compressed  air,  at  a  pressure  of  about  22 
atmospheres,  with  a  second  vessel  which  was  exhausted, 
the  communication  between  them  being  closed  by  a  tap. 
The  two  vessels  were  placed  under  the  water  in  a  calori- 
meter, and  after  they  had  acquired  the  temperature  of 
the  water,  the  tap  was  opened.  The  temperature  of  the 
water  remained  unaffected.  Hence,  when  air  expands 
without  doing  external  work,  no  heat  is  lost  or  gained  by 
it.  The  air  left  in  the  first  vessel  did  work  in  driving  the 
air  into  the  second  with  great  velocity,  and  was  itself 
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cooled T.l\vit  the  air 'entering  the  second  vessel  on  striking 
against  its  siciei  acquired  as  much  heat  by  the  impact  as 
was  lost  by  that  in  the  first,  so  that  as  much  heat  was 
communicated  to  the  water  b}^  one  vessel  as  was  taken 
from  it  by  the  other. 

150.  Regnault's  Laws.     In  Art.  48  we  explained 
how  the  specific  heats  of  air,  and  other  gases,  at  constant 
pressure,  were  determined  by  E/egnault.     The  results  of 
his  investigations  may  be  summed  up  in  the  following 
laws. 

(1)  The  specific  heat  of  a  permanent    gas   at    constant 
pressure  is  independent  of  that  pressure,  and  the  same  for 
all  temperatures. 

(2)  The  capacity  for  heat  of  EQUAL  VOLUMES  of  different 
permanent  gases  at  the  same  pressure  and  temperature  are 
equal. 

(3)  The  specific  heats  of  the  easily  condemible  gases  vary 
slightly  with  the  temperature. 

The  experimental  determination  of  the  specific  heat  of 
air  at  constant  volume  is  one  of  extreme  difficulty.  An 
indirect  method  by  which  this  has  been  effected  will  be 
described  in  Chapter  X.  We  may,  however,  here  remark 
that,  for  all  the  more  perfect  gases,  the  ratio  of  the  spe- 
cific heat  at  constant  pressure  to  that  at  constant  volume 
is  independent  of  the  temperature  of  the  gas,  and  for  air 
is  about  1*41. 

151.  The  Air  and  the  Mercurial  Thermometers. 

It  has  been  stated,  Art.  131,  that  the  scale  of  the  mercu- 
rial thermometer  differs  but  very  slightly  from  that  of 
the  air  thermometer.  In  the  course  of  his*  experiments 
on  the  maximum  pressure  of  aqueous  vapours  at  different 
temperatures,  Regnault  made  a  series  of  comparisons  be- 
tween the  readings  of  his  mercurial  thermometer  with 
an  envelope  of  crown  glass,  and  those  of  an  air  thermo- 
meter. Some  of  his  results  are  given  in  the  following 
table.  Below  100°  C,  the  readings  were  practically  the 
same, 
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Air  Thermometer.  Mercury  Thermometer. 

100°  C.  100°  C. 

140  139-85 

180  179-63 

200  199-70 

240  239-90 

260  260-20 

300  301-08 

340  343-00 

350  354-00 

152.  Pyrometers.     The  expansion  of  gases  has  been 
turned  to  practical  account  in  the  construction  of  pyro- 
meters, or  instruments  for  measuring  very  high  tempera- 
tures,   as    of   furnaces.      Of   these    Regnault's   mercury 
pyrometer  may  be  taken  as  an  example.     It  consists  .of 
a  bottle  of  iron,  or  porcelain,  the  neck  of  which  has  a 
narrow  opening,  and  is  covered  by  a  lid  whose  diameter 
is  considerably  greater  than  its  own.     The  lid  has  a  small 
hole  bored  through  it,  and  the  top  of  the  neck  and  lower 
surface  of  the  lid  are  ground  together,  so  that  by  sliding 
the  lid  on  the  neck  the  bottle  may  be  opened  or  closed, 
A  small  quantity  of  mercury  is  placed  in  the  bottle,  and 
the  whole  placed  in  the  furnace.    The  quantity  of  mercury 
must  be  sufficient  to  expel,  when  volatilized,  all   the  air 
from  the  bottle,  and  when  it  has  acquired  the  tempera- 
ture of  the  furnace,  the  neck  is  closed  by   sliding  the 
cover,  and  the  instrument  removed  and  allowed  to  cool. 
When  cold  the  mercury  within  it  is  weighed,  and  this 
gives   the    weight   of  mercury  vapour  which  filled  the 
bottle  at  the  temperature  of  the  furnace.     The  capacity 
of  the  bottle  is  determined    by  weighing  it  when  full  of 
mercury,  and  weighing  it  when  empty.    Then  if  we  know 
the  height  of  the  barometer,  and  the  specific  gravity  of 
mercury  and  of  mercury  vapour  at  some  temperature  and 
pressure,    as   well    as  the  law  of    expansion  of  mercury 
vapour,  we  can  calculate  the  temperature  of  the  furnace. 

153.  Suppose,  for  example,  that  the  amount  of  liquid 
.mercury  at  15°  C.  required  to  fill  the  bottle  is  314  ozs., 
and  that   at   this   temperature  a  cubic  foot  of  mercury 
weighs  13.564'8  ozs,     Then  it  follows  that  the  capacity  of 
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the  flask  is  40  cubic  inches.  Suppose  also  that  the  amount 
of  mercury  left  in  the  bottle  after  being  removed  from 
the  furnace  is  13  grains,  and  that  at  360°  C.  a  cubic  foot  of 
mercury  vapour  weighs  1580  grains,  when  under  the  same 
pressure  as  during  the  experiment.  Then,  if  the  tempera- 
ture of  the  furnace  be  Tc  C.,  40  cubic  inches  of  mercury 
vapour  will  weigh 


supposing  mercury  vapour  to  behave  as  a  perfect  gas  at 
temperatures  above  360° C.     But 

rftn      40      360  +  273     ,o 
X1728X    T+273  = 

therefore  T  +  273  -.  158-°-x  40  *  (^  +  273) 

1728  x 13 

- 1780-87.. . 

therefore  T=  1607-87... 

*  and  the  temperature  of  the  furnace  is  nearly  1508°  C. 

154.  In   Wedgwood's   pyrometer  the   temperature   is 
measured  by  the  contraction  of  a  piece  of  baked  clay ; 
others  have  been  constructed  in  which  the  temperature  is 
indicated  by  the  expansion  of  a  platinum  bar.     The  action 

^  /  of  Siemens'  pyrometer  depends  upon  the  increase  of  the 
j  resistance  which  platinum  wire  offers  to  the  passage  of  an 
1  electric  current  as  its  temperature  is  raised.  It  consists 

y  -of  a  very  fine  platinum  wire  wound  on  a  small  porcelain 
bobbin,  the  ends  of  the  wire  being  attached  to  very  thick 
wires,  whose  resistance  is  exceedingly  small  compared  with 

v  its  own.     The  bobbin  is  placed  within  the  furnace,  with 

I  the  thick  wires  leading  from  it  to  any  convenient  place, 
and  the  resistance  of  the  wire  is  then  measured  in  the 
usual  way,  and  the  temperature  of  the  furnace  deduced. 

155.  In  cases  where  a  large  instrument  can  be  em- 
ployed, a  convenient  pyrometer  consists  of  a  vessel  con- 

\  i  taining  air  to  which  is  attached  a  pressure  gauge  similar  to 
an  ordinary  steam  gauge.  The  pressure  of  the  air  is  regis- 
tered by  the  gauge,  and  as  its  volume  is  nearly  constant,  its 

_  j>  absolute  temperature  is  nearly  proportional  to  its  pressure, 
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The  communication  between  the  heated  air  vessel  and 
the  pressure  gauge  must  be  made  by  means  of  a  very  fine 
tube,  the  capacity  of  which  is  very  small  compared  with 
that  of  the  heated  vessel,  while  its  length  is  sufficient  to 
protect  the  gauge  from  the  heat. 

Murrie's  pyrometer  depends  on  the  increase  of  the 
vapour  pressure  of  a  liquid  as  its  temperature  is  raised,  the 
pressure  being  measured  by  an  ordinary  gauge,  as  in  the 
•  instrument  just  referred  to.  The  liq uid  generally  employed 
is  mercury,  which  is  contained  in  a  steel  vessel.  This 
vessel  communicates  with  the  gauge  by  a  fine  steel  pipe, 
which  dips  below  the  surface  of  the  mercury,  and  which 
is  filled  with  mercury  to  a  considerable  height.  Between 
the  mercury  and  the  gauge  there  is  a  small  quantity  of 
air  to  protect  the  gauge  from  the  action  of  the  mercury. 
The  upper  portion  of  the  mercury  in  the  steel  tube  never 
attains  a  high  temperature,  but  serves  simply  to  transmit 
the  pressure  from  the  heated  vessel.  To  prevent  the 
vessel  expanding  under  the  high  pressure  to  which  it  is 
exposed,  especially  when  heated  nearly  to  redness,  it  is 
enclosed  within  a  second  vessel,  the  space  between  being 
nearly  filled  with  mercury,  so  that  the  pressure  of  the 
mercury  vapour  on  the  outside  of  the  inner  vessel  may 
balance  that  on  the  inside.  It  may  be  observed  that  it  is 
not  necessary  to  actually  generate  any  sensible  amount 
of  vapour  within  the  inner  vessel  in  order  to  raise  the 
pressure  to  that  corresponding  to  the  temperature. 

156.  Diffusion  of  Gases.  If  two  vessels  containing 
different  gases  be  allowed  to  communicate  with  each  other 
for  some  time,  it  will  be  found  that  each  vessel  contains 
a  mixture  of  the  gases  of  the  same  composition,  and  this 
will  be  the  case  even  if  one  of  the  gases  be  much  denser 
than  the  other,  and  the  vessel  containing  it  be  placed  at 
a  considerable  distance  below  that  containing  the  lighter 
gas,  the  communication  being  made  by  a  tube.  Oxygen 
may  be  used  for  the  heavier,  and  hydrogen  for  the  lighter 
gas,  and  the  mixture  subsequently  exploded. 

This  phenomenon  is  known  as  the  diffusion  of  gases,  and 
in  virtue  of  it  the  atmosphere  has  nearly  the  same  com- 
position at  all  heights  to  which  men  have  ascended.  It 
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is  sometimes  expressed  by  saying  that  one  gas  acts  as  a 
vacuum  to  another. 

157.  If,  in  accordance  with  the  molecular  theory  of 
gases,  we  suppose  that  a  gas  consists  of  a  number  of  very 
small  particles  moving  in  all  directions  with  great  veloci- 
ties, we  see  that  they  will  penetrate  into  any  space  which 
is  open  to  them,  and  the  presence  of  any  other  gas  in  that 
space  will  only  delay  their  diffusion  through  it  by  causing 
them  to  continually  come  into  collision  with  its  own  par- 
ticles, just  as  the  passage  of  a  person  through  a  crowd  is 
impeded  by  the  presence  of  others,  and  would  be  much 
more  so  were  all  the  persons  composing  the  crowd,  and  in- 
cluding the  intruder,  highly  elastic  and  perfectly  devoid  of 
intelligence.     The  molecular  theory  of  gases  thus  readily 
accounts  for  the  phenomenon  of  diffusion,  and  we  see  that 
either  gas  will  ultimately  be  uniformly  distributed  through- 
out each  vessel,  because  it  is  only  then  that  the  number 
of  its  particles  passing  from  the  first  to  the  second  vessel 
in  any  given  time  will  be  equal  to  the  number  passing  in 
the  opposite  direction. 

The  molecular  theory  of  gases  also  teaches  us  that  at 
the  same  temperature  the  mean  squares  of  the  velocities 
of  the  particles  of  different  gases  under  any  given  pres- 
sure vary  inversely  as  the  density  of  the  gas ;  and  this 
accounts  for  the  law  discovered  by  Graham,  that  gases 
diffuse  into  one  another  at  rates  varying  inversely  as  the 
square  roots  of  their  densities. 

158.  If   two  streams  of  gas  are  moving  in  opposite 
directions,  or  in  the  same  direction  with  different  velocities, 
and  are  passing  one  another,  particles  will  leave  each  stream 
and  enter  the  other,  and  thus  communicate  to  each  stream 
some  portion  of  the  momentum  of  the  other  stream.     The 
action  is  similar  to  that  which  would  take  place  if  two 
trains  were  passing  one  another,  and    a  constant  inter- 
change of  passengers  took  place  between  them,  the  passen- 
gers in   each  stepping  into  the  other    and    back    again. 
It  is  obvious  that  this  action  will  tend  to  bring  the  trains 
or  the  streams  of  gases  to  relative  rest ;  that  is,  to  change 
the  motion  of  each  until  the  two  are  moving  in  precisely 
the  same  manner.    This  is  the  diffusion  of  momentum. 
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and  completely  explains  the  viscosity,  or  apparent  friction 
of  gases.  It  is  obvious  that  the  greater  the  molecular 
velocities  of  the  gases  the  more  rapidly  will  the  particles 
of  the  two  streams  diffuse  into  each  other,  and  the  more 
rapid  will  be  the  diffusion  of  momentum.  Hence,  the 
viscosity  of  gases  increases  rapidly  with  the  temperature, 
and  at  very  high  temperatures  a  quantity  of  gas  may  be 
so  viscous  as  almost  to  resemble  treacle  in  its  character. 
This  increase  of  viscosity  with  increase  of  temperature 
must  be  borne  in  mind  in  any  calculations  on  the  flow  of 
furnace  gases  through  boiler  tubes,  flues,  or  chimneys. 

159.  Fire-Damp    Indicators.     The  differences  in 
the  rates  of  diffusion  of  different  gases  have  been  em- 
ployed to  detect  the  presence  of  coal-gas  or  fire-damp.    An 
instrument  for  this  purpose,  known  as  Ansell's  fire-damp 
indicator,  consists  of  a  small  balloon  made  of  thin  india- 
rubber,  and  inflated  with  air.     A  linen  band  placed  round 
its  equator  necessitates  any  expansion  it  may  undergo 
taking  place  in  the  direction  of  its  vertical  diameter.     An 
alarum  is  so  placed  that  if  the  balloon,  which  is  fixed  into 
a  suitable  frame,  expand  vertically  it  will,  by  raising  a 
detent,  start  the  alarum.    If  the  apparatus  be  placed  in  an 
atmosphere  containing  hydrogen  or  carburetted  hydrogen, 
more  gas  will  enter  the  balloon  by  diffusion  through  the 
envelope  than  will  leave  it,  because  at  first  it  contains 
only  pure  air,  and  both  oxygen  and  nitrogen  are  more 
dense    than    hydrogen    or  carburetted    hydrogen.      The 
contents  of  the  balloon  being  increased,  the  envelope  will 
expand  vertically  and  liberate  the  alarum. 

160.  Another  convenient  form  of  fire-damp  indicator 
consists  of  a  helix  of  thin  platinum  wire,  heated  to  dull 
redness  by  an   electric    current.     If  fire-damp  or  other 
combustible  gas  so  present,  it  will  burn  on  the  surface  of 
the  platinum  wire  and  raise  its  temperature.     If  the  same 
current  of  electricity  be  sent  through  a  second  helix  of 
platinum  precisely  similar  to  the  first,  but  protected  from 
the  fire-damp,  the  amount  of  light   given   out    by  the 
helices  may  be  compared  as  in  an  ordinary  photometer, 
and  the  comparison  serves  to  determine  the  percentage  of 
fire-damp  present. 


CHAPTER    VI. 

OX    THE    EFFECTS   OF   HEAT  IN    PRODUCING  CHANGES  OF  STATE 
.     JN  BODIES.      LATENT  HEAT.     REGULATION.     EVAPORATION. 
BOILING.       DEW-POINT.        CRITICAL   POINT.        SPHEROIDAL 
STATE. 

161.  Liquefaction.     If   heat    be    made  to    enter    a 
solid  body   its  temperature  will,  in  general,  be  increased, 
and  the  solid  will  expand,  until  it  arrives  at  a  certain 
temperature  (which  depends  for  each  solid  only  on  the 
pressure  to  which  it  is  subjected)  called  the  fusing  point, 
when  the  solid  will  begin  to  liquefy,  and  the  temperature 
will  remain  unchanged  till  the  whole  of  the  solid  is  con- 
verted into   the  liquid  state.      During  this  process  the 
volumes  of  most  bodies  increase,  but  there  are  many  sub- 
stances which,  like  ice.  cast  iron,  and  many  alloys,  con- 
tract on  fusing  and  expand  during  solidification,  and  this 
enables  sharp  castings  to  be  taken  in  these  materials. 

162.  Latent  Heat  of  Fusion.     During  the  process 
of  liquefaction,  the  application  of  heat  has  to  be  continued, 
and  a  large  amount  is  absorbed  by  the  melting  body. 
This  heat  has  no  effect  upon  the  temperature  of  the  body, 
which,  as  we  have  said,  remains  constant  till  the  whole  is 
liquid.     On  this  account  the  heat  absorbed  during  this 
process  was  said  to  become  latent,  and  was  called  the  latent 
heat  of  fusion.     It  may  be  thus  denned  :— 

DBF.  The  latent  heat  of  fusion  of  a  substance  is  the 
number  of  units  of  heat  absorbed  by  the  unit  of  mass  of  the 
substance  in  passing  from  the  solid  to  the  liquid  state  without 
change  of  temperature. 

In  Chapter  III.  we  saw  that  a  pound  of  ice  in  melting 
atO°C.  would  cool  a  pound  of  water  from  7-)°C.  to  0°C. 
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The  latent  heat  of  fusion  of  ice,  or,  as  it  is  more  generally 
called,  the  latent  heat  of  water,  is  therefore  about  79,  or 
more  accurately,  79-25. 

163.  The  phrase  "  latent  heat'"  is  not  well  chosen,  be- 
cause the  heat  absorbed  during  liquefaction  does  not 
remain  within  the  substance  as  hidden  heat,  or  heat 
insensible  to  the  thermometer,  but  actually  ceases  to  be 
heat,  being  used  up  in  doing  internal  icorlt ;  just  as  when 
a  steam  crane  is  employed  in  lifting  building  stones,  part 
of  the  heat  generated  in  the  furnace  ceases  to  be  heat, 
being  used  up  in  doing  work,  and  having  its  represen- 
tative in  so  many  tons  of  material  lifted  so  many  feet 
against  the  attraction  of  the  earth.  It  was,  however, 
Black's  doctrine  of  latent  heat,  as  originally  enunciated, 
which  led  James  Watt  (see  Art.  205)  to  see  that  in 
Newcomen's  engine  the  necessity  of  raising  the  tem- 
perature of  the  steam  cylinder  and  piston  to  that  of 
steam  during  each  stroke,  after  cold  water  had  been 
injected  into  the  cylinder  to  condense  the  steam  em- 
ployed in  the  previous  stroke,  led  to  an  enormous 
consumption  of  steam  beyond  that  required  to  fill  the 
cylinder  and  do  the  work  of  the  engine ;  and  in  the  model 
on  which  Watt  experimented  this  effect  was  more  marked 
than  in  a  large  engine,  in  which  the  capacity  of  the 
cylinder  bore  a  greater  ratio  to  the  volume  of  metal  em- 
ployed in  its  construction.  Watt  concluded  that  if  the 
working  cylinder  could  always  be  kept  at  or  near  the 
temperature  of  the  entering  steam,  all  this  waste  would 
be  obviated.  This  necessitated  that  the  steam  should  be 
condensed  in  a  separate  vessel,  which  might  be  kept  al- 
ways at  a  low  temperature  by  means  of  cold  water,  and 
connected  with  the  working  cylinder  at  the  end  of  each 
stroke,  when  it  became  necessary  to  remove  the  steam 
pressure  from  under  the  piston.  Thus  the  separate  con- 
denser was  invented,  by  which  the  efficiency  of  the  engine 
was  raised  to  such  an  extent  as  to  make  it  possible  to 
employ  it  in  factories  and  mills.  In  this  way  the  modern 
steam  engine  became  the  product  of  the  intercourse 
between  James  Watt,  the  practical  instrument  maker, 
and  the  Professors  of  the  University  of  Glasgow. 
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164.  Change  of  Volume  on  Solidification.    There 
are    some    substances    which,    like    ice   and    cast   iron, 
expand  on  solidification.      The  density  of  ice  at  0°  C. 
is  "918,  that  of  water  at  4°  C.  being  taken  as  the  standard 
of   density ;    but   as   its  temperature  is  lowered   the  ice 
contracts,    its  coefficient   of   cubic   expansion  per    1°   C. 
being  about  '000122.      Those    metals   which   expand  011 
solidifying  are  well  adapted  for  making  sharp  castings, 
since  on  solidification  they  expand  and  fill  all  the  inter- 
stices of  the  mould.     On  the  other  hand,  it  is  impossible 
to  obtain  sharp  castings  with  metals  like  gold,  silver,  lead, 
etc.     For  this  reason  coins,  medals,  rifle-bullets,  etc..  are 
stamped.     When  a  leaden  bullet  is  cast  there  is  always 
an  empty  space  inside  it,  due  to  the  contraction  of  the 
lead,  and  the  resultant  resistance   of  the   air    then  not 
generally  acting  through  the  centre  of  gravity  of    the 
bullet,  its  direction  of  motion  is  thereby  changed.  •  It  is 

FIG.  27.  to  obviate  such  action  that  a  motion  of  ro- 
tation is  given  to  bullets  and  cannon-shot  by 
rifling  the  guns  ;  but  in  addition  to  this  rifle 
bullets  are  always  punched  out  of  cold  lead 
instead  of  being  cast.  Paraffin  contracts 
very  much  011  solidifying,  and  if  a  cylindrical 
vessel  be  filled  with  melted  paraffin  and 
allowed  to  cool,  the  upper  surface  of  the 

paraffin  will  be  depressed  in  the  centre,  as  shown  in  Fig. 

27,  while  castings  made  in  closed  moulds  will  generally 

be  found  interspersed  with  cavities. 

165.  Regelation.     It  was  first  shown  from  theore- 
tical considerations  by  Prof.  James  Thomson,  that  if  a 
body  expand  on  solidification  an  increase  of  pressure  will 
lower  the  melting  point,  but  if  it  contract  on  solidifying, 
like  wax  and  paraffin,  the  melting  point  will  be  raised  by 
pressure.     Sir  W.  Thomson  subsequently  found  that  in 
the  case  of  ice  the  melting  point  is  lowered  by  about 
T£-5°  C.  for  each  additional  pressure  of  one  atmosphere. 
This  dependence  of  the  melting  point  upon  the  pressure 
explains  the  phenomenon  of  regelation. 

An  example  of  this  phenomenon  is  presented  by  the 
following  experiment,  due  to  Mr.  Bottomley.     A  block  of 
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ice  is  supported  in  any  convenient  manner  at  each  end, 
and  a  wire  loop  carrying  a  weight  is  suspended  from  the 
block,  the  temperature  of  the  air  being  above  the  freezing 
point.  The  ice  immediately  underneath  the  wire  being 
then  exposed  to  a  pressure  greater  than  that  of  the  at- 
mosphere, while  its  temperature  is  not  sensibly  below  the 
freezing  point,  melts,  and  the  liquid  so  formed  escaping 
to  the  upper  side  of  the  wire,  where  the  pressure  is  only 
that  of  the  air,  while  the  temperature  of  the  water  is 
below  the  freezing  point,  it  again  freezes.  (That  the 
temperature  of  the  water  must  be  below  the  freezing 
point  is  obvious,  for  in  melting  it  must  absorb  the  ne- 
cessary latent  heat  from  the  surrounding  ice,  cooling  it 
below  the  freezing  point ;  and  it  is  this  cooling  which 
prevents  the  wire  from  cutting  through  the  ice  instantly, 
for  the  ccoled  ice  is  able  to  support  the  pressure  of  the 
wire,  and  the  rate  at  which  the  cutting  goes  on  is  de- 
termined by  the  rate  at  which  the  heat  absorbed  from 
the  ice  below  the  wire  can  be  again  communicated  to  it 
as  the  water  freezes  above  the  wire.)  Since,  with  the 
exception  of  a  little  which  escapes  at  the  edges,  all  the 
water  again  freezes  above  the  wire,  as  the  block  is  cut 
through  it  becomes  re-united,  and  when  the  wire  has 
passed  completely  through  it,  the  only  trace  left  of  its 
passage  is  a  shallow  groove  surrounding  the  block,  due 
to  the  escape  of  water  from  the  surface,  and  a  striated 
appearance  within  the  ice  along  the  plane  of  section. 

If  a  number  of  wires  of  the  same  diameter  but  different 
material  be  hung  over  the  same  rectangular  block  of  ice, 
and  loaded  with  equal  weights,  it  will  be  found  that  the 
wires  will  pass  through  the  ice  in  the  order  of  their 
thermal  conductivities.  Thus,  if  wires  of  copper,  brass, 
and  iron  be  employed,  they  will  cut  through  the  block  in 
the  order  in  which  they  have  just  been  mentioned. 

166.  If  pieces  of  ice  be  compressed  by  hydraulic  pres- 
sure in  a  boxwood  mould,  partial  liquefaction  takes  place 
on  account  of  the  pressure,  and  some  of  the  water  escapes, 
carrying  with  it  the  latent  heat  of  fusion,  or  more  pro- 
perly speaking,  the  energy  equivalent  to  that  latent  heat. 
On  relieving  the  pressure  the  water  filling  the  interstices 
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between  the  pieces  of  ice  again  freezes,  and  a  solid  and 
transparent  block  of  ice  of  the  form  of  the  mould  is  formed. 
Blocks  of  ice  floating  in  warm  water  will  freeze  together 
at  points  where  they  strike  each  other,  for  under  these 
circumstances  there  will  be  a  film  of  water  extending 
over  the  surface  of  the  ice,  and  after  the  impact,  as  the 
blocks  tend  to  recede  from  one  another,  the  surface  ten- 
sion of  the  water,  or  capillarity,  will  tend  to  hold  them 
together,  and  the  pressure  within  the  film  of  water  be- 
tween the  blocks  will  be  diminished,  and  the  water  will 
freeze,  though  its  temperature  may  be  slightly  above  the 
freezing  point.  The  binding  of  snow  when  just  at  the 
freezing  point  may  be  due  to  the  same  cause.  If  the 
temperature  of  ice  be  much  below  the  freezing  point 
very  great  pressure  is  required  to  melt  it,  and  this  may 
account  for  the  difficulty  of  making  snow-balls  when  the 
snow  is  "  frozen." 

167.  If  a  bar  of  wood  or  any  other  material  be  bent, 
one  side  of  it  is  compressed  while  the  opposite  side  is 
extended.  If  an  attempt  be  made  to  bend  a  bar  of  ice, 
the  temperature  of  which  is  the  freezing  point,  wherever 
there  is  pressure  the  ice  will  be  partially  melted,  the  con- 
sequent contraction  at  once  relieving  the  pressure  and 
allowing  the  ice  to  be  deformed,  while  the  conduction  of 
heat  through  the  block  tends  to  keep  the  temperature  the 
same  throughout,  and  the  water  gradually  finds  its  way 
to  parts  where  the  pressure  is  less.  In  the  case  of  a  bar 
subjected  to  bending  stress :  when  the  portion  which  is 
most  compressed  begins  to  melt,  the  greatest  pressure  is 
thrown  upon  the  next  layer,  causing  it  to  melt  arid  ac- 
commodate the  stress  ;  and  so  on  through  the  block.  The 
production  of  any  considerable  flexure  will  of  course  take 
a  long  time,  depending  as  it  does  to  some  extent  on  the 
passage  of  heat  through  the  mass  ;  but  it  is  plain  that  if 
the  temperature  be  exactly  the  freezing  point  for  atmo- 
spheric pressure,  a  stress,  however  small,  will  continue  to 
produce  change  of  form  so  long  as  it  acts,  and  the  ice  will 
therefore  behave  like  a  very  viscous  fluid  instead  of  a 
solid. 

What  has  just  been  stated  will  go  far  to  explain  the 
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motion  of  glaciers  ;  but  in  their  case  fracture  of  the  ice  no 
doubt  frequently  occurs  in  passing  round  a  bend,  but  on 
coming  to  a  bend  in  the  opposite  direction,  the  crevasses 
thus  formed  are  closed,  and  the  pressure  causes  the  sur- 
faces to  melt,  while  part  of  the  water  escapes  ;  and  then 
regelation  takes  place,  completely  healing  the  wound  and 
obliterating  its  traces. 

168.  Supersaturation.    As  a  general  rule,  if  a  liquid 
be   cooled    to  the  melting  point,   the  process  of  cooling 
cannot  be  carried   further   without   solidification   taking 
place,  but  water  may  be  cooled  considerably  below  the 
freezing  point  if  it  be  carefully  freed  from  air  by  long 
boiling  and  the  surface  be  protected  by  a  film  of  oil.     In 
capillary    tubes   water   has  been  cooled   by  Despretz  to 
-'20°C.    without    solidifying.      When    water   has    been 
cooled  in  this  way,  if  it  be  disturbed  so  that  solidification 
commences,  a  net-work  of  ice  crystals  is  suddenly  formed 
throughout  the  mass,  and  the  temperature  rises  to  0°  C. 
A  similar  action  takes  place  in  the  case  of  certain  saline 
solutions,  such  as  that  of  sulphate  of  soda  (Art.  79),  which 
may  be  cooled  without  crystallizing,  though  at  the  lower 
temperature   they  contain  much   more   salt    in    solution 
than  can  be  dissolved  by  water  at  that  temperature.     On 
disturbing  such  solutions  a  mass  of   crystals  is   quickly 
formed,  extending  completely  through  the  liquid,  while 
the  temperature  rises  on  account  of  the  production  of  heat 
by  crystallization  (latent  heat  of  solution). 

169.  The  Laws   of  Fusion.     The  laws  of  fusion 
may  be  thus  stated : — 

(1)  Each  substance  begins  to  melt  at  a  certain  tempera- 
ture, ivhich  is  constant  for  the  same  substance  if  the  pressure 
be  constant,  and  is  called  the  melting  point. 

(2)  The  temperature  of  the  solid  remains  constant  from 
the  time  when  fusion  commences  until  it  is  complete. 

(3)  If  a  substance   expand  on  solidifying,  e.g.,  ice,   its 
melting  point  is  loiceredby  pressure ;  but  if  it  contract,  e.g., 
ic ax,  Us  melting  point  is  raised  by  pressure. 

(4)  The  unit  mass   of  each  substance  in  passing  from 
the  solid  to  the  liquid  condition  without  change  of  tempera- 
ture, absorbs  a  certain  quantity  of  heat  which  is  constant  for 
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the  same  body  melting  at  the  same  pressure  and  tempera- 
ture, and  is  called  the  latent  heat  of  fusion. 

170.  Some  substances,  on  being  heated  to  their  melt- 
ing points,  do  not  become  sensibly  softened,  but  pass  from 
the  solid  to  the  liquid  state  without  passing  through  any 
intermediate  viscous   stages.      Others,  like  sealing  wax, 
become  gradually  softer  as  their  temperature  is  increased, 
and  it  is  impossible  to  determine  when  they  pass  from 
the  solid  to  the  liquid  condition.     Sealing  wax,  in  fact, 
behaves  more  like  a  very  viscous  fluid  than  a  solid  even  at 
ordinary  temperatures.     Among  substances  which  behave 
in  this  manner  may  be  mentioned  wrought-iron,  steel,  and 
platinum.     These  substances  become  soft  and  viscous  at 
temperatures  far  below  those  at  which  they  become  fluid, 
and  it  is  in  virtue  of  this  property  that  they  are  capable 
of  being  welded.     The  range  of  temperature  over  which 
steel  is  capable  of  being  welded  is  much  less  than  the 
corresponding   range   for    wrought-iron,   and   diminishes 
as  the  steel  is  more  highly  carbonised.     Steel   suitable 
for  cutting  tools  burns  vigorously  in  air,  and  becomes 
seriously  injured  at  a  temperature  very  slightly  above  the 
lowest  temperature  at  which  it  can  be  welded.     Hence 
very  great  care  is  needed  on  the  part  of  the  smith,  and 
welds  in  steel  are  always  regarded  with  suspicion  when 
great  strength  is  required. 

171.  Plumbers'  solder,  consisting  of  two  parts  of  lead 
and   one  of  tin,  retains  a  pasty  consistency  for  a  wide 
range  of  temperature  below  that  at  which  it   is   fluid. 
Over  this  range  the  solder  can  be  easily  moulded  by 
pressure  such  as  can  be  applied  by  the  hand  of  the  work-- 
man  through  the  medium  of  a  piece  of  thick  cloth.     It  is 
in  this  way  that  "  wiped  joints"  are  made  in  plumbers' 
work. 

It  frequently  happens  that  the  melting  point  of  a 
mixture  is  considerably  below  that  of  the  most  readily 
fusible  of  its  constituents.  Combinations  of  iron  and 
carbon,  for  example,  melt  at  temperatures  far  below  the 
"melting  point  of  pure  iron.  A  mixture  of  ice  and  salt 
melts  at  a  temperature  several  degrees  below  the  freezing 
point.  Mixtures  of  lead  and  tin  in  various  proportions, 
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forming  solders,  melt  at  temperatures  considerably  below 
the  melting  point  of  lead  (327°  C.),  and  some  of  them 
at  temperatures  much  below  the  melting  point  of  tin 
(232°  C.).  Thus  a  mixture  of  three  parts  of  tin  and  two 
of  lead  melts  at  166°  C.,  and  can  be  used  as  a  solder  for 
pure  tin.  When  the  amount  of  tin  is  increased  much 
beyond  60  per  cent.,  the  melting  point  of  the  alloy  is 
raised. 

172.     Melting  Points.     The  melting  points  of  several 
substances  are  given  in  the  following  table  :— 

TABLE  OP  MELTING  POINTS  OP  ELEMENTS. 

Platinum 2000°  I  Cadmium 320° 

Gold 1200°  !  Bismuth 265° 

Cast  iron  .     .    1150°  to  1200°  j  Tin 232° 

Copper 1090°  I  Sulphur 113° 

Silver 1000  I  Sodium 97° 

Aluminium ....  750  Potassium 58°         ~. 

Antimony     ....  432  Phosphorus    ....  43° 

Zinc 360°  !  Bromine -21° 

Lead 327°  j  Mercury -39° 

MELTING  POINTS  OF  SOLDEBS. 

Lead,  3  parts,  Tin,  1  part  (Coarse  solder)  ....    250°  C. 
2      „  1     „     (Plumbers' solder)      .     .    227 °  C. 


1  part 

2  parts 
1  part 


1  „     (Fine  solder) 186°  C. 

3  parts 166°  C. 

2  „ 171JC. 


1      „  3     „ 177°  C. 

3  parts  3     „     Bismuth,  1  part      ...  157°  C. 

5      „  „     3     „  .,        8  parts     .     .     .  100°  C.  . 

„      3      „          „    2     „  „        ft     „        ...  93°  C. 

.,      (J      „  Cadmium,  1  part  „        7     „        ...  82°  C. 

173.  Vapours  and  Gases.  Most  liquids  and  some 
solids  when  exposed  to  the  air  pass  gradually  into  the 
gaseous  state.  The  process  by  which  liquids  and  solids 
assume  the  gaseous  condition  at  their  free  surfaces  is 
called  evaporation,  and  the  gas  so  formed  is  frequently 
called  a  vapour.  It  is  not  easy  to  distinguish  satisfac- 
torily between  vapours  and  gases,  but  the  term  vapour  is 
generally  employed  for  a  substance  in  the  gaseous  con- 
dition which  can  exist  as  a  liquid  or  solid  at  ordinary 
pressures  and  temperatures.  This  is  the  popular  use  of 
the  terms,  but  the  true  distinction  between  a  vapour  and 
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a  gas  lies  in  the  fact  that  a  vapour  can  be  condensed  to  a 
liquid  by  the  application  of  pressure  alone,  while  a  gas 
cannot  be  condensed  to  a  liquid  by  the  application  of  any 
pressure  unless  its  temperature  is  reduced.  There  is 
therefore  a  particular  temperature  above  which  a  sub- 
stance must  be  a  gas,  but  below  which  it  may  be  a 
vapour  or  a  liquid,  according  to  the  pressure.  This 
temperature  is  called  the  critical  point  for  the  particular 
substance,  and  will  be  referred  to  again  shortly.  The 
ordinary  temperature  of  the  air  is  far  above  the  critical 
points  of  the  more  perfect  gases.  In  the  case  of  a  liquid 
the  converse  of  evaporation,  or  the  passage  of  a  substance 
from  the  gaseous  to  the  liquid  condition,  is  called  conden- 
sation. When  a  gas  passes  directly  into  the  condition 
of  a  solid,  it  is  said  to  sublime,  and  the  process  is  called 
sublimation.  A  solid  or  liquid  which  passes  readily  into 
the  gaseous  condition  is  said  to  be  volatile. 

174.  Evaporation.     The  evaporation  of  water  is  a 
phenomenon   which   is    continually    coming    under    our 
notice,  and  the  production  of  liquid  water  by  the   con- 
densation of  aqueous  vapour  is  scarcely  less  familiar  to 
us.     Sometimes  during  a  long  frost  a  quantity  of  snow  is 
observed  slowly  to  vanish  though  the  temperature  may 
never  rise  to  the  freezing  point,  so  that  the  production  of 
liquid  water  is  impossible :  the  snow  in  fact  presents  us 
with  a  case  of  the  direct  evaporation  of  a  solid.     When 
hoar-frost  is   produced   by  the  condensation  of  aqueous 
vapour  upon  surfaces  cooled  below  the  freezing  point,  we 
have  an  example  of  sublimation.     Solid  carbonic  anhy- 
dride,   camphor,    iodine,    and   arsenic   readily   evaporate 
without  liquefaction  and  sublime  upon  colder  surfaces. 
Flowers  of  sulphur  are  formed  by  the  condensation  of 
sulphur  vapour  in  a  large  cold  chamber.     Arsenic,  car- 
bonic  anhydride,   and   some    other   substances    can   be 
obtained  in  the  liquid  condition  only  when  subjected  to 
pressures  considerably  above  that  of  the  atmosphere. 

175.  Balton's  Law.     If  a  quantity  of  water  or  other 
,  volatile  liquid  be  placed  in  a  closed  vessel,  evaporation 

will  take  place  until  the  pressure  due  to  the  vapour  alone 
attains  a  certain  limit,  which  depends  only  upon  the 
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temperature.  The  quantity  of  vapour  in  the  enclosure 
will  then  cease  to  increase,  though  we  do  not  say  that 
evaporation  will  cease,  but  rather  that  condensation  will 
take  place  at  the  same  rate  as  evaporation,  and  hence  the 
amount  of  vapour  will  remain  constant.  The  quantity 
of  vapour  which  could  exist  under  given  conditions  in  a 
limited  space  was  for  a  long  while  a  matter  of  inquiry, 
and  Dalton  was  the  first  clearly  to  enunciate  and  verify 
experimentally  the  laws  of  evaporation.  Dalton  found 
that  the  greatest  amount  of  vapour  which  can  exist  in  a 
given  space  depends  only  upon  the  temperature,  and  is  in- 
dependent of  the  presence  of  any  other  vapour  or  gas  which 
has  no  chemical  affinity  for  it.  According  to  Regnault 
this  law  is  not  strictly  true,  but  it  is  sufficiently  accurate 
for  all  the  requirements  of  meteorology  and 
volumetric  analysis.  It  is  sometimes  ex-  FIG.  28. 
pressed  by  saying  that  gases  and  vapours  act 
towards  one  another  as  vacua.  Herwig,  on 
the  other  hand,  concludes  that  Dalton's  law 
is  strictly  true,  and  that  Regnault's  results 
are  to  be  explained  by  the  nature  of  his 
experiments. 

176.  Dalton's  law  may  be  easily  verified 
experimentally  by  a  method  differing  but 
slightly  from  that  adopted  by  Dalton.  The 
apparatus  is  represented  in  Fig.  28,  and 
consists  of  three  barometer  tubes  with  suit- 
able supports,  a  mercury-bath  about  3  feet 
deep  nearly  filled  with  mercury,  and  a  scale 
or  cathetometer  for  measuring  the  height 
of  the  mercury  in  the  tubes.  A  yard  of 
inch  wrought-iron  gas-tubing  with  a  cap 
screwed  to  the  lower  end,  and  a  cast-iron  or 
wrought-iron  basin  screwed  to  the  upper 
end,  constitutes  a  convenient  mercury-bath. 
One  of  the  tubes,  A,  is  filled  with  mercury 
and  then  placed  vertically  with  its  lower 
end  beneath  the  surface  of  the  mercury  in 
the  bath.  This  serves  as  a  standard  bar- 
ometer for  purposes  of  comparison.  The 
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tube  B  is  filled  and  supported  in  the  same  manner,  while 
C  is  only  partially  filled  with  mercury,  so  that  when 
inserted  in  the  bath  such  a  quantity  of  (dry)  air  occu- 
pies the  tube  as  to  cause  the  mercury  to  stand  at  about 
one-half  the  height  of  the  barometer.  The  position  of  the 
surface  of  the  mercury  in  C  should  be  carefully  marked 
on  the  side  of  the  tube.  Now  let  such  a  quantity  of 
ether  be  introduced  by  means  of  a  pipe  into  the  tubes  B 
and  (7,  that  a  little  of  the  liquid  remains  on  the  surface  of 
the  mercury.  If  the  temperature  be  15°  C.,  the  column 
of  mercury  will  be  depressed  below  that  in  the  standard 
barometer  by  about  3M  millimetres  ;  and  if  the  tube  B  be 
slowly  lowered  into  the  mercury-bath,  the  mercury  will 
rise  in  the  tube,  the  ether  vapour  being  condensed,  but 
the  surface  of  the  mercury  will  always  remain  354  milli- 
metres below  that  in  the  standard  barometer  till  the 
whole  of  the  vapour  is  condensed  and  the  tube  completely 
filled  with  mercury  and  liquid  ether.  On  again  slowly 
raising  the  tube,  the  ether  will  evaporate,  the  surface  of 
the  mercury  remaining  at  the  same  height  as  before, 
below  that  in  the  standard  tube  A.  If  the  tube  be 
lowered  rapidly,  the  condensation  of  the  ether  vapour  will 
cause  a  rise  in  the  temperature,  and  the  pressure  of  the 
vapour  will  be  increased.  If  the  tube  be  rapidly  raised, 
the  pressure  of  the  vapour  will  be  diminished  through 
the  cold  caused  by  evaporation. 

On  the  introduction  of  the  ether  into  the  tube  C,  the 
mercury  will  be  seen  to  fall,  but  not  so  far  as  in  B,  be- 
cause as  the  mercury  falls  the  air  in  the  tube  expands, 
and  its  pressure  is  consequently  diminished.  Now  let 
the  tube  C  be  lowered  in  the  bath  until  the  mercury  rises 
to  the  point  marked  on  the  tube,  and  the  air  consequently 
occupies  the  same  volume  and  exerts  the  same  pressure 
as  before.  It  will  then  be  found  that  the  tube  has  been 
lowered  through  354  millimetres,  or  the  mercury  in  thej 
tube  stands  at  a  lower  level  than  before  the  introduction 
of  the  ether  by  354  millimetres ;  and  since  the  pressure 
of  the  air  is  unchanged,  it  follows  that  the  ether  vapour 
must  exert  a  pressure  equivalent  to  354  millimetres  of 
mercury,  and  therefore  exerts  the  same  pressure  in  the 
presence  of  the  air  as  in  the  tube  B  which  contains  no  air. 
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177.  If  a  little  alcohol  be  introduced  into  the  tube  j5, 
it  will  immediately  absorb  some  of  the  ether  vapour  and 
cause  the  mercury  to  rise  on  account  of  the  great  affinity 
which  alcohol  possesses  for  ether.     Bisulphide  of  carbon 
and  many  other  liquids  act  similarly,  showing  that  the 
pressure  of  the  vapour  produced  by  a  mixture  of  two 
liquids  which  dissolve  one  another  may  be  less  than  that 
of  their  more  volatile  component. 

For  rough  purposes  it  is  convenient  to  close  the  upper  '"• 
ends  of  the  barometer  tubes  by  two  glass  taps  a  small 
distance  apart,  or  to  attach  to  them  a  short  piece  of  india- 
rubber  tube  with  two  pinch  taps  upon  it,  a  small  funnel 
being  placed  at  the  top.  This  arrangement  enables  the 
tubes  to  be  filled  with  mercury  by  pressing  them  down 
into  the  bath  till  the  mercury  rises  above  the  upper  tap, 
the  taps  being  open,  and  then  raising  them  with  the  taps 
closed.  By  pouring  the  ether  into  the  funnel,  and  then 
opening  first  the  upper  tap  and  subsequently,  after 
closing  this,  the  lower  tap,  a  small  quantity  of  ether  can 
be  passed  into  the  tube. 

178.  Dal  ton,  Gay-Lussac,  and   afterwards  Eegnault, 
measured  the  pressure  of  aqueous  vapour  in  the  presence 
of  water  at  temperatures  below  100°  C.  by  the  depression 
of  the  mercury  in  barometer  tubes,  as  above  described, 
the  experimental  tube  being  surrounded  by  a  bath  of  hot 
water,  by  which  its  temperature  could  be  adjusted  ;  while 
the  mercury  was  observed  through  the  glass  front  of  the 
bath,    and   corrections   made  for   the   expansion   of  the 
mercury  itself.     For  very  low  temperatures,  Gay-Lussac 
bent  the  top  of  his  tube  so  as  to  incline  it  downwards, 
and  dipped  the  end  into  a  freezing  mixture,  since  the 
pressure  of  the  vapour  must  always  be  that  due  to  the 
temperature  of  the  coldest  part  of  the  tube  to  which  it  has 
access.     E-egnault  followed  the  same  method,  and  some 
of  his  results  are  given  in  the  Table  in  Art.  202. 

179.  Distillation.     The   fact  that  the  pressure  of 
aqueous  vapour  in  any  space  must  be  that  due  to  the 
coldest  part  of  the  space  to  which  the  vapour  has  access, 
explains  the  process  of  distillation.     If  two  vessels  A  and 
B,  of  which  A  contains  a  volatile  liquid,  be  connected  by 
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a  tube,  and  A  be  maintained  at  a  temperature  above  that 
of  J5,  the  vapour  in  B  will  be  condensed  until  its  pressure 
is  not  greater  than  that  due  to  the  temperature  of  J5, 
while  evaporation  will  go  on  in  A  so  long  as  the  pressure 
of  the  vapour  there  is  less  than  that  due  to  its  tempe- 
rature ;  moreover,  vapour  will  pass  from  A  to  13  if  the 
pressure  of  the  vapour  in  A  be  greater  than  in  B  (though 
if  the  vessels  contain  air  or  other  gas,  the  diffusion  of  the 
vapour  will  be  a  slow  process).  Hence,  evaporation  will 
go  on  in  A,  and  condensation  in  B,  so  long  as  the  tempe- 
rature of  A  is  higher  than  that  of  B. 

The  same  fact  explains  the  efficiency  of  the  "  separate 
condenser  "  referred  to  in  Art.  163. 

180.  The     Cryophorus.      "Wbllas  ton's    cryophorus 
consists  of  two  glass  bulbs  connected  by  a  tube,  and  con- 
taining sufficient  water  to  about  half  fill  one  bulb.     The 
water  is  boiled  to  expel  all  the  air  before   the  tube  is 
finally  sealed,  and  when  this  has  been  done,  the  sealing 
is    effected   with   a   blow-pipe  flame.      If  the  water  be 
turned  into  the  bulb  J.,  and  B  be  placed  in  a  freezing 
mixture  of  ice  and  salt,  condensation  will  take  place  so 
rapidly  in  B  and  evaporation  in  A  that,  on  account  of 
the  heat  absorbed  in  the  latter  process,  the  water  in  A 
will  become  completely  frozen. 

181.  Boiling.     As  its  temperature  rises,  the  pressure 
which  a  vapour  in  contact  with  its  liquid  is  capable  of 
exerting  goes  on   increasing,  while   the  density  of   the 
vapour  itself  increases  in  consequence  of  increased  evapo- 
ration.    If  a  liquid  be  exposed  to  the  open  air  while  its 
temperature  is  gradually  raised,  the  pressure  which  the 
vapour  can  exert  will  at  length  exceed  that  of  the  air ; 
and  then,  if  a  bubble  of  pure  vapour  be  formed  within 
the  liquid  itself,  it  will  rise  to  the  free  surface  and  escape, 
since  the  pressure  to  which  it  is  exposed  is  insufficient  to 
condense  it.     When  bubbles  of  pure  vapour  are  formed 
within  the  liquid  itself,  the  liquid  is  said  to  boil.     This 
may  happen  as  soon  as  the  temperature  has  risen  so  far 
that  the   pressure  which  the  vapour  can  exert  exceeds 
atmospheric  pressure. 
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DBF.  The  temperature  at  which  the  pressure  which  can 
be  exerted  by  a  vapour  in  the  presence  of  its  liquid  is  equal 
to  that  of  the  standard  atmosphere  is  called  the  boiling  point 
of  the  liquid. 

182.  The  difference,  then,  between  evaporation  and 
ebullition,  or  boiling,  consists  in  this  :  that  in  evaporation 
vapour  is  formed  only  at  the  free  surface  of  the  liquid, 
while  in  ebullition  bubbles  of  pure  vapour  are  formed 
within  the  liquid  itself. 

183.  When  a  kettle  is  being  heated,  the  water  next 
the  bottom  first  reaches  the  boiling  point,  and  bubbles  of 
steam  are  formed  there.     These  rising  through  the  liquid 
reach  a  stratum  where  the  temperature  is  insufficient  to 
allow  the  steam  to  exist  at  the  temperature  to  which  it  is 
exposed,  and  the  bubbles  contract  with  a  sharp  sound. 
These  sounds,  happening  with  sufficient  frequency,  link 
themselves  into  a  musical  note,  producing  the  singing  of 
the  kettle,  which  gets  feebler  as  the  bubbles  contract  less 
sharply,  and  is  presently  exchanged  for  the  smooth  rolling 
sound  of  ebullition  as  the  bubbles  at  length  escape  from 
the  free  surface. 

184.  When  a  liquid  boils,  so  long  as  the  pressure  to 
which  it  is  exposed  remains  the  same,  the  temperature  of 
the  vapour  immediately  above  the  surface  remains  con- 
stant, though  the  temperature  of  the  liquid  itself  may  be 
somewhat  different  from  that  of  the  vapour.    The  presence 
of  saltfs  in  water  raises  the  temperature  of  the  water  ;  and 
this  temperature,  moreover,  depends  on  the  nature  of  the 
containing   vessel.      Hence,    in  determining  the  boiling 
points  on  thermometers,  they  are  immersed  in  the  steam 
and  not  in  the  water  itself  (Art.  13). 

185.  In  concentrating  solutions  of  caustic  soda,  cast- 
iron  pans  are  employed,  and  towards  the  end  of  the  oper- 
ation, when  the  contents  of  the  pan  approximates  to  pure 
sodic  hydrate,  the  temperature  reaches  a  red  heat.     Very 
concentrated  solutions  have,  when  cooled  somewhat  below 
the  highest  temperature  at  which  they  have  been  concen- 
trated, a  great  affinity  for  water,  and  if  steam  be  passed 
into  them  the  combination  of  the  soda  and  steam  develops 
a  very  great  amount  of  heat.    This  property  has  recently 
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been,  employed  for  developing  steam  in  locomotive 
engines,  especially  for  town  tramways.  The  boiler,  which 
is  filled  with  distilled  water  to  prevent  incrustation,  is  of 
the  tubular  type,  and  is  placed  inside  an  iron  vessel  into 
which  a  very  concentrated  solution  of  caustic  soda  is  in- 
troduced, the  temperature  of  the  solution  being  sufficient 
to  produce  steam  at  the  requisite  pressure,  but  consider- 
ably below  the  highest  temperature  at  which  the  solution 
has  been  concentrated.  The  high-pressure  steam  pro- 
duced in  the  tubular  boiler  is  employed  in  the  cylinders, 
and  the  exhaust  steam  is  passed  into  the  caustic  soda 
solution,  there  to  be  condensed  through  the  affinity  of  the 
solution  for  water,  and  the  heat  produced  by  this  con- 
densation and  combination  keeps  up  the  temperature  and 
continues  the  production  of  steam.  The  source  of  heat  in 
the  engine,  therefore,  is  not  simply  the  heat  of  the  solu- 
tion of  soda  as  introduced,  but  that  developed  by  the 
combination  of  the  soda  solution  with  the  water  originally 
in  the  boiler,  and  the  engine  will  continue  to  work  until 
the  solution  has  become  so  dilute  as  no  longer  to  be  able 
to  maintain  the  necessary  temperature  by  condensing  the 
exhaust  steam.  Some  engines  can  draw  a  load  for  50 
miles  with  a  single  charge  of  soda.  The  same  soda 
solution  appears  to  act  both  as  furnace  and  condenser,  but 
in  reality  the  source  of  heat  is  the  furnace  by  which  the 
solution  was  concentrated,  and  in  comparing  the  engine 
with  Carnot's,  the  temperature  of  the  source  of  heat  should 
be  taken  as  the  highest  temperature  to  which  the  solution 
is  raised  in  concentrating  it. 

186.  Superheating  Water.  It  was  stated  in 
Article  181  that  if  a  bubble  of  vapour  be  formed  within  a 
mass  of  liquid  whose  temperature  is  above  the  boiling 
point,  and  the  liquid  be  subjected  to  atmospheric  pressure, 
the  bubble  will  not  be  condensed,  but  it  does  not  follow  that 
such  bubbles  will  be  formed  immediately  after  the  boiling 
point  is  reached.  If  water  be  very  carefully  freed  from 
air  by  boiling,  it  is  possible  to  heat  it  considerably  above 
the  boiling  point  without  the  formation  of  bubbles  of 
steam,  on  account  of  the  resistance  offered  by  the  water 
to  any  breach  in  the  continuity  of  its  mass,  such  as  would 


BOILING   POINT.  123 

be  produced  by  the  formation  of  steam  bubbles  within  it. 
The  boiling  by  bumping  which  often  takes  place  with 
water,  and  especially  with  strong  alkaline  solutions,  is  due 
to  this  superheating  of  the  water,  and  the  consequent 
generation  of  a  large  quantity  of  steam  suddenly.  The 
introduction  of  a  piece  of  metal  which  can  decompose 
water,  invariably  sets  free  steam  with  explosive  violence, 
and  the  temperature  falls  nearly  to  the  boiling  point.  The 
presence  of  oil  on  the  surface  of  the  water  favours  the 
superheating  ;  and  Dufour,  by  suspending  drops  of  water 
in  a  mixture  of  linseed  oil  and  oil  of  cloves,  succeeded  in 
raising  their  temperature  to  about  180°  C.  without  ebulli- 
tion, though  the  pressure  of  steam  in  the  presence  of 
water  at  that  temperature  is  equal  to  nearly  ten  times  the 
standard  atmosphere.  It  is  so  difficult  to  remove  the  last 
trace  of  dissolved  air  and  other  gases  from  water,  that  it 
has  been  said  that  the  phenomenon  of  pure  water  boiling 
has  not  yet  been  witnessed. 

187.  Hypsometry.     Since  the  temperature  of  steam 
above  the  surface  of  boiling  water  depends  only  on  the 
pressure,  it  follows  that  if  we  can  determine  the  temper- 
ature of  steam  above  the  surface  of  boiling  water  at  any 
place,  we  may  find,  by  reference  to  tables  constructed  for 
the  purpose,  the  barometric  pressure  to  which  it  is  sub- 
jected.    The  hypsometer,  described  in  Art.  12,  enables  us 
to  do  this,  and  may  therefore  be  employed  instead  of  a 
barometer  for  the  determination  of  the  heights  of  moun- 
tains.   It  is  from  its  employment  for  this  purpose  that  the 
instrument  derives  its  name. 

188.  Boiling  in  a  Closed  Vessel.     "We  have  said 
that  the  temperature  at  which   a   liquid   boils   depends 
upon  the  pressure  to  which   it  is  exposed,  and  have  de- 
fined the  boiling  point  of  a  liquid  as  that  temperature  at 
which  the  pressure  of  its  vapour  is  equal  to  the  atmo- 
spheric pressure.      If  the  temperature  of  the  liquid  be 
higher  than  this,  vapour  may  be  generated  within  its 
mass,  and  the  liquid  will  then    boil.     If  the  vessel  con- 
taining the  liquid  be  open,  the  boiling  will  continue  as 
long  as  there  is  any  liquid  present  at  a  temperature  above 
that  at  which  it  can  boil  under  the  atmospheric  pressure  ; 
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but  if  the  liquid  be  in  a  closed  vessel,  its  own  vapour  will 
increase  the  pressure  upon  it,  and  presently]  the  boiling 
will  cease,  provided  the  temperature  be  kept  constant. 

If  there  be  no  air,  or  gas  other  than  the  vapour  of  the 
liquid,  above  its  surface,  the  whole  pressure  on  the  free 
surface  of  the  liquid  is  due  to  the  pressure  of  its  vapour, 
and  the  amount  of  vapour  in  the  unit  of  volume  will 
therefore  be  that  which  is  capable  of  exerting  this  pressure 
at  the  temperature  of  the  enclosure.  Since  the  pressure 
under  which  liquids  boil  increases  very  rapidly  with  the 
temperature,  much  more  so  than  the  pressure  of  a  given 
mass  of  vapour  at  constant  volume,  it  follows  that  the 
density  of  the  vapour  above  the  surface  of  the  liquid  will 
increase  rapidly  with  the  temperature. 

189.  If  a  quantity  of  warm  water  at  a  temperature 
considerably  below  100°  C.  be  placed  under  the  receiver 
of  an  air-pump,  and  the  air  rapidly  removed,  the  water 
will  boil  violently,  showing  that  the  temperature  at  which 
water  boils  is  lowered  by  diminution  of  pressure. 

The  same  may  also  be  shown  in  a  striking  manner  by 
boiling  a  quantity  of  water  in  a  glass  flask  until  the  air 
above  it  has  been  expelled  by  the  steam,  corking  the  neck 
of  the  flask,  and  pouring  a  stream  of  cold  water  over  it. 
The  water  in  the  flask  will  then  be  seen  to  boil  vigorously. 
In  this  case,  the  steam  in  the  upper  part  of  the  flask  is 
cooled  much  more  than  the  mass  of  water  below  it.  Its 
temperature  is  therefore  reduced  below  the  boiling  point 
corresponding  to  its  pressure,  and  part  of  the  steam  is 
consequently  condensed.  On  account  of  this,  the  pressure 
on  the  surface  of  the  water  is  diminished,  but  the  tem- 
perature of  the  water  is,  for  some  time,  only  slightly 
lowered  by  the  stream  outside  ;  hence  its  temperature  is 
sensibly  above  the  boiling  point  corresponding  to  the 
pressure  on  its  surface.  The  water  therefore  boils  violently, 
the  steam  produced  being  in  its  turn  condensed  ;  and  this 
process  can  be  carried  on  for  a  considerable  time. 

190.  Now  suppose  that  a  quantity  of  liquid  is  placed 
in  a  closed  vessel,  and  that  there  is  dry  air  above  its  sur- 
face.    Suppose  also  that  the  temperature  of  the  water  is 
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sensibly  above  the  boiling  point  corresponding  to  the 
pressure  of  the  air  above  it,  and  is  kept  constant.  The 
liquid  will  then  boil  violently,  until  the  pressure  on  its 
surface  is  equal  to  the  maximum  pressure  of  vapour  at 
the  temperature  which  the  liquid  possesses.  When  this 
stage  is  reached,  the  pressure  on  the  liquid  is  the  sum  of 
the  pressures  exerted  by  the  air  and  by  its  own  vapour, 
and  the  greater  the  pressure  of  the  air  the  less  will  be 
the  amount  of  vapour  per  unit  volume  when  the  liquid 
just  ceases  to  boil. 

It  is  found,  however,  by  experiment,  that  the  formation 
of  vapour  in  a  closed  vessel,  when  air,  or  any  gas  other 
than  the  vapour,  is  present,  does  not  stop  when  the  liquid 
ceases  to  boil,  but  goes  on  until  the  pressure  exerted  by  the 
vapour  alone  is  the  maximum  pressure  ichich  it  can  exert 
at  the  temperature  of  the  liquid.  During  this  process  no 
bubbles  of  vapour  are  formed  in  the  liquid,  as  is  the  case 
during  boiling,  but  the  vapour  appears  to  be  quietly 
formed  at  the  surface  ;  that  is,  by  evaporation. 

191.  Thus,  in  accordance  with  Dalton's  law,  a  liquid 
will  go  on  evaporating  till  the  pressure  of  its  vapour  alone 
reaches  a  certain  value  depending  only  on  the  temperature, 
and  independent  of  the  presence  of  any  amount  of  other 
vapours,  or  gases,  in  the  same  space.     If  a  quantity  of 
water  be  placed  in  a  closed  vessel  with  dry  air  above  it, 
though  the  pressure  of  the  air  may  be  far  too  great  to 
allow  of  the  water  boiling,  nevertheless  vapour  will    be 
formed  till  the  amount  above  the  water  is  the  same  as  it 
no  air  had  been  present,  the  only  difference  being  that, 
in  the  case  we  have  supposed,  the  whole  of  the  vapour  is 
produced  by  slow  evaporation,  while  if  the  water  had  been 
placed  in  vacuo   its   formation  would  have  been  much 
more  rapid  and  accompanied  with  ebullition.     We  also  see 
that  the  pressure  on  the  water  will  finally  exceed  that  ex- 
erted by  the  air,  however  great  this  may  be,  by  a  quantity 
depending   only   on   the   temperature   as    above   stated. 
This   is   sometimes   expressed   by  saying   that   different 
gases  and  vapours  act  towards  one  another  as  vacua. 

192.  Bate    of   Evaporation.     The  rate  at  which 
evaporation  appears  to  take  place  depends  upon  the  tern- 
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perature  of  the  liquid  and  the  rate  at  which  vapour  can 
escape  from,  the  neighbourhood  of  the  surface  ;  hence, 
movements  of  the  air  increase  the  apparent  rate  of  evap- 
oration. According  to  Dalton,  the  rate  at  which  water 
evaporates  in  calm  air  at  ordinary  pressure  is  proportional 
to  the  difference  between  the  maximum  pressure  of  vapour 
at  the  temperature  of  the  water  and  that  of  the  vapour 
existing  in  the  air. 

The  apparent  rate  of  evaporation  is  really  the  difference 
between  the  rate  at  which  particles  leave  the  liquid  and 
become  gas,  and  that  at  which  particles  of  gas  enter,  and 
remain  within,  the  liquid  ;  that  is,  the  difference  between 
the  rates  at  which  evaporation  and  condensation  take 
place. 

193.  Pressure  of  Vapour  Dependent   on   Tem- 
perature.    If  a  quantity  of  liquid  be  placed  in  a  closed 
vessel,  and  gradually  heated  above  the  boiling  point,  the 
pressure  of  the  vapour  will  increase   and   exceed   the   at- 
mospheric  pressure.     The   pressure  may  be  measured  by 
causing  the  vessel  to  communicate  with  any  convenient 
pressure-gauge,  as,  for  example,  an  ordinary  manometer 
or  U-tube  containing  mercury,  one  of  whose  arms  is  open 
to  the  air,  while  the  other  communicates  with  the  vessel. 
The  difference  in  the  level  of  the  mercury  in  the  two  tubes 
indicates  the  excess  of  the  pressure  of  the  vapour  over 
that  of  the  air.     If  the  pressures  are  very  great,  a  con- 
tinuous syphon-gauge  may  be  employed,  consisting  of  a 
number   of    U  -tubes   connected  together,  and  half  filled 
with  mercury,  while  the  spaces  between  the  mercury  in 
consecutive  tubes  are  filled  with  water  or  other  nearly 
incompressible  fluid.     The  sum  of  the  differences  in  level 
of  the  surfaces  of  the  mercury  in  the  arms  of  each  tube, 
added  to  the  height  of  the  barometer,  and  diminished  by 
the  column  of  mercury  which  is  balanced  by  the  water 
or  other  liquid,  indicates  the  pressure  of  the  vapour. 

194.  Since  it  is  generally  impossible  to  raise  the  tem- 
perature of  water  above  that  at  which  it  boils  under  the 
pressure  to  which  it  is  exposed,  in  order  to  raise  it  to  high 
temperatures   it    must   be   confined   in   a   closed  vessel. 
Papin's  digester  is  a  strong  vessel  (furnished  with  a  safety- 
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valve),  in  which  water  can  be  raised  to  a  temperature 
considerably  above  100C  C.,  for  the  purpose  of  dissolving 
gelatine  from  bones,  etc.  On  high  mountains  water  boils 
at  a  temperature  so  low  as  seriously  to  interfere  with 
culinary  operations.  Thus,  on  the  top  of  Mont  Blanc  the 
temperature  of  water  boiling  in  the  air  is  not  much  above 
82°  C. 

Sometimes  it  is  of  importance  to  cause  liquids  to  boil  at 
temperatures  below  their  ordinary  boiling  points,  and  for 
this  purpose  it  is  necessary  to  reduce  the  pressure  to  which 
they  are  exposed  below  the  ordinary  atmospheric  pressure. 
The  introduction  of  the  vacuum  pan  in  the  refining  of 
sugar,  enabling  the  syrup  to  boil  at  about  66°  C.,  allowed 
the  process  to  be  carried  on  without  the  production  of  the 
large  amount  of  uncrystallizable  sugar  which  always 
took  place  when  the  boiling  was  conducted  at  a  higher 
temperature. 

195.  The  Dew-Point.      DEF.     When  the  amount  of 
any  vapour  in  a  space  is  the  greatest   that  can  exist  in  it 
without  increase  of  temperature,  the  space  is  said  to   he 
saturated  with  the  vapour. 

DEF.  The  temperature  at  ichich  the  air  is  saturated  with 
the  aqueous  vapour  it  contains  is  called  its  dew-point. 

If  the  temperature  of  a  quanity  of  air  containing  an 
amount  of  aqueous  vapour  insufficient  to  saturate  it  be 
lowered,  the  air  will  at  length  become  saturated,  and  the 
corresponding  temperature  is  the  dew-point.  On  still 
further  lowering  the  temperature,  condensation  of  part  of 
the  vapour  takes  place  and  the  air  remains  saturated. 

196.  From  what  has  been  said  it  will  be  seen  that  air 
in   the   presence   of   water  must   contain   a  quantity  of 
aqueous  vapour ;  and  thus  all  the  air  around  us  contains 
more  or  less  vapour,  some  of  which  will  be  condensed  if 
the  air  be  sufficiently  cooled,  condensation  commencing 
when  the  dew-point  is  reached. 

If  we  have  a  table  giving  us  the  pressure  of  aqueous 
vapour  for  different  temperatures  in  a  space  saturated 
with  it,  or  what  is  the  same  thing,  the  boiling  point  of 
water  corresponding  to  different  pressures,  the  determina- 
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tion  of  the  amount  of  aqueous  vapour  in  any  volume  of 
air  may  be  reduced  to  a  determination  of  the  dew-point. 
The  determination  of  this  point  is  therefore  a  matter  of 
considerable  importance,  and  several  instruments  have 
been  constructed  for  the  purpose. 

197.  A  simple  form  of  dew-point  instrument,  intro- 
duced by  Mr.  Dines,  consists  of  a  metal  box  covered  with 
a  piece  of  polished  black  glass,  a  thermometer  being  placed 
with  its  bulb  in  close  contact  with  the  glass.     A  stream 
of  cold  water,  whose  rate  can  be  regulated  at  pleasure,  is 
made    to   flow  through    the   box,  and  when  a    film    of 
moisture    begins  to  render  dull  theLolished  surface  of  the 
glass,  the  stream  is  stopped  and  the  thermometer  read. 
In  a  few  seconds  the  cloud  will  begin  to  leave  the  glass, 
and  the  thermometer  is  again  observed.     The  mean  of  the 
two  temperatures  is  approximately  the  dew-point. 

198.  Daniell's  dew-point  instrument,  frequently  called 
Daniell's  hygrometer,  is  shown  in  Fig.  29.     A  bulb  A 
made  of  black  glass  is  connected  with  the  bulb  C  by  the 
tube  ABC,  of  clear  glass.    The  bulb  A  contains  a  quantity 
of  liquid  ether,  into  which  dips  the  bulb  of  a  small  ther- 
mometer T.     The  whole  apparatus  is  exhausted  of   air 

before  being  sealed,  so  that  the 
bulbs  contain  only  ether  and  its 
vapour.  The  bulb  C  is  covered 
with  muslin  or  similar  material, 
and  when  the  instrument  is  to  be 
used,  liquid  ether  is  poured  over 
the  muslin.  This  evaporates,  and 
in  so  doing  absorbs  the  latent  heat 
of  evaporation  (see  Art.  205),  cool- 
ing the  bulb  and  allowing  the 
ether  vapour  within  it  to  condense, 
thus  diminishing  the  pressure 
within  the  tube.  This  causes  the 
ether  in  A  to  evaporate,  with  a 
consequent  lowering  of  the  tem- 
perature of  A,  and  after  some  time  moisture  begins  to  be 
deposited  on  the  outside  of  the  bulb.  The  thermometer 
T  is  then  observed,  and  the  muslin  on  C  is  allowed  to 
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become  dry.  The  temperature  of  A  will  then  gradually 
rise,  and  when  the  dew  upon  it  begins  to  disappear,  the 
temperature  of  T  is  again  observed.  The  mean  of  the 
two  readings  of  Tis  taken  as  the  dew-point. 


Regnault's  dew-point  instrument  consists  of  two 
test  tubes  silvered  at  the  bottom.  In  one  of  these  ether 
is  placed  and  air  blown  gently  through  it  until  the 
evaporation  has  lowered  the  temperature  so  that  dew 
begins  to  be  deposited  on  the  silver  cap.  The  second 
tube  is  merely  for  purposes  of  comparison,  in  order  the 
more  readily  to  detect  the  first  appearance  of  dew  on  the 
former  tube.  A  thermometer  is  placed  with  its  bulb  in 
the  ether. 

200.  Mason's  dry  and  wet  bulb  thermometers,  some- 
times called  August's  psychrometer,  are  frequently  used 
for  determining  the  amount  of  moisture  in  the  air.    They 
consist  of  two  thermometers  mounted  side  by  side,  the; 
bulb  of  one  being   exposed  while  that  of  the   other  is. 
covered  with  lamp-cotton,  or  muslin,  kept  wet  by  dipping 
one  end  into  a  vessel  of  water,  when  the  water  rises  in  the 
cotton,  as  spirit  in  the  wick  of  a  lamp,  and  the  bulb  of  the 
thermometer  is  thus  kept  wet.   Now,  if  the  air  be  far  from 
saturated  with  moisture,  the  water  will  evaporate  rapidly 
from  the  cotton  ;  and  in  doing  so  will  cool  the  bulb  of  the 
thermometer  below  the  temperature  of  the  air,  the  amount 
of  such  cooling   being   less   the   more  nearly   the   air  is 
saturated.     Empirical  formulae,  based  on  the  assumption 
that  evaporation  continues  until  the  air  is  saturated  at  the 
temperature  to  which  it  is  reduced,  have  been  employed 
for  the  determination  of  the  dew-point  from  the  tempera- 
tures indicated  by  the  thermometers,  and  if  the  current 
of  air  to  which  the  instrument  is  exposed  be  gentle  the 
method  admits  of  considerable  accuracy. 

201.  The  determination   of  the  dew-point,  or  of  the 
amount  of  moisture  in  the  air,  is  called  nygrometr^,  and 
instruments  employed  for  this  purpose  are  called  hygro- 
meters, or  dew-point  instruments,  as  the  case  may  be. 

It  should  be  noticed  that  in  all  practical  determinations 
of  the  dew-point  the  air  in  the  neighbourhood  of  the  dew- 
G.  H.  K 
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point  instrument  is  cooled  at  constant  pressure.  Its  volume, 
therefore,  diminishes  during  the  cooling,  and  the  volume 
of  the  aqueous  vapour  is  correspondingly  diminished. 
Since  both  air  and  vapour  obey  the  gaseous  laws,  it  follows 
that,  since  the  sum  of  their  pressures  remains  constant, 
the  pressure  of  the  vapour  alone  will  remain  constant  up 
to  the  point  when  it  begins  to  condense, — that  is,  the 
dew-point.  The  maximum  pressure  of  aqueous  vapour 
at  the  dew-point  as  ordinarily  determined  is  therefore  the 
same  as  the  actual  pressure  of  the  vapour  in  the  air,  and 
no  correction  for  temperature  is  required. 

202.  Pressure  of  Aqueous  Vapour  at  Different 
Temperatures.  When  the  temperature  of  a  quantity 
of  vapour  is  above  the  dew-point,  so  that  the  space  is 
not  saturated  with  it,  the  vapour  is  sometimes  said  to  be 
super-heated.  Regnault  has  shown  that  aqueous  vapour 
at  temperatures  between  0°  C.  and  25°  C.,  obeys  the 
gaseous  laws  with  considerable  accuracy,  provided  it  is 
not  on  the  point  of  condensing.  Hence,  if  we  know  the 
dew-point  and  the  temperature  of  the  air,  and  are 
moreover  furnished  with  a  table  showing  the  maximum 
pressure  of  aqueous  vapour  at  different  temperatures,  we 
can  determine  the  amount  of  aqueous  vapour  existing  in 
a  cubic  foot  of  air.  Balfour  Stewart  has  proposed  to 
measure  the  degree  of  humidity  of  the  air  by  the  ratio 
of  the  amount  of  vapour  actually  existing  in  it  to  that 
which  would  be  required  to  saturate  it  at  the  temperature 
it  possesses.  Tables  have  been  constructed  by  Regnault 
giving  the  maximum  pressure  of  aqueous  vapour  for 
every  tenth  of  a  degree  Centigrade  near  ordinary  tem- 
peratures, and  then  for  every  degree  up  to  230°  C.  A 
few  of  his  results  are  given  in  the  following  table,  the 
pressures  being  expressed  in  millimetres  of  mercury  at 
0°  C.  in  the  latitude  of  Paris,  and  60  metres  above  the 
sea  level. 

It  may  be  convenient  to  remember  that  a  cubic  yard  of 
steam  at  100°  C.  and  at  standard  pressure  contains  almost 
exactly  one  pound.  A  cubic  yard  of  water  at  4°  C.  is  very 
nearly  15  cwt,,  or  1680  Ibs, 

CA 
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TABLE  OF  PRESSURE  OF  AQUEOUS  VAPOUR. 


Temperature. 

Pressure.          Temperature. 

Pressure. 

Millimetres. 

Millimetres. 

-32°C. 

0-320 

90°  C. 

525-450 

—20 

0-927 

100 

760-000 

—10 

2-093 

110 

1075-37 

-  5 

3-113 

120 

1491-28 

0 

4-600 

130 

2030-28 

5  • 

6-534                  140 

2717-63 

10 

9-165                   150 

3581*23 

15 

12-699 

160 

4651-62 

20 

17-391 

170 

5961-66 

30 

31-548 

180 

7546-39 

40 

54-906 

190 

9442-70 

50 

91-982 

200 

11688-96 

60 

148-791 

210 

14324-80 

70 

233-093                  220 

17390-36 

80 

354-643 

230 

20926-40 

203.  As  an  example  illustrating  the  subject  of  hygro- 
metry,  we  may  take  the  following  :— 

Find  the  weight  of  dry  air  in  a  cubic  foot  of  air  contain- 
ing aqueous  vapour  at  15°  C.  under  a  pressure  of  30  inches 
of  mercury,  ichen  the  dew-point  is  10°  (7.,  it  being  given  that 
a  cubic  foot  of  dry  air  at  0°  C.  and  under  the  above  pressure 
weighs  554  grains,  and  that  the  pressure  of  aqueous  vapour 
in  a  space  saturated  with  it  at  10°  C.  is  equal  to  the  pressure 
o/""36  in.  of  mercury. 

The  amount  of  aqueous  vapour  in  the  cubic  foot  is  such 
that  at  10°  C.  it  would  exert  a  pressure  equal  to  that  of 
•36  in.  of  mercury.  The  pressure  exerted  by  the  dry  air 
occupying  the  same  volume  is  therefore  equal  to  that  of 
30  -  '36  in.  of  mercury,  or  29- 64  in.  of  mercury.  Hence,  the 
volume  which  the  dry  air  would  occupy  under  a  pressure 

29*64 
of  30  inches  of  mercury  at  15°  C.  is  -Q/-J—  cub.  ft.,  and  the 

volume  it  would  occupy  at  0°  C.  under  the  same  pressure 
.    29-64    273 
18     30 
273 


x  288 


99 -64 
its  weight  is  therefore  554  x  ~-  ^ 


288  grams, 


=  521']  2  grains,  nearly, 


13*2  KINETIC  THEORY  OP  EVAPORATION. 

204.  Kinetic  Theory  of  Evaporation.  The  fact 
that  the  amount  of  aqueous  vapour  capable  of  existing  in 
a  cubic  foot,  or  other  definite  amount,  of  space  above  the 
surface  of  water  is  independent  of  the  presence  of  any 
other  vapours  or  gases,  is  explained  by  the  kinetic  theory 
in  the  following  way. 

The  theory  supposes  that  liquid  water  consists  of  a 
number  of  particles  moving  with  different  velocities  in  all 
directions,  but  so  acting  on  one  another  as  to  be  continually 
interfering  with  each  other's  motions.  It  also  supposes 
that  the  vapour  consists  of  a  number  of  particles  also 
moving  with  various  velocities,  but  not  interfering  with 
one  another  until  they  come  very  close  together,  when 
repulsion  takes  place  between  them.  The  velocities  both 
of  the  particles  of  gas,  or  vapour,  and  of  those  of  water, 
are  increased  with  increase  of  temperature.  The  theory 
also  supposes  that  there  is  a  force  acting  for  a  very  small 
distance  on  each  side  of  the  bounding  surface  of  the  liquid 
and  gas,  tending  to  prevent  the  escape  of  particles  from 
the  liquid.  If  a  particle  of  liquid  is  moving  towards 
the  surface  with  sufficient  velocity,  it  will  have  sufficient 
energy  to  carry  it  right  through  this  field  of  force,  and 
will  then  be  free  in  space,  and,  in  fact,  will  be  a  particle 
of  gas.  Now  we  have  said  that  increase  of  temperature 
increases  the  velocity  of  the  particles  of  liquid,  and  it  will 
therefore  increase  the  number  which  will  escape  from  any 
surface  of  the  liquid  in  a  second.  This  number  will  there- 
fore depend  upon  the  temperature  of  the  liquid,  and  be 
also  proportional  to  its  surface.  Now,  of  the  particles  of 
gas  outside,  some  will  be  moving  towards  the  liquid  and 
striking  it  will  enter  the  liquid,  where  they  will  be,  as  it 
were,  taken  prisoners  by  the  other  particles,  and  ceasing 
to  be  particles  of  gas  will  become  part  of  the  liquid.  Also, 
the  number  of  those  which  enter  the  liquid  per  second  will 
be  proportional  to  the  extent  of  the  surface  of  the  liquid 
and  to  the  number  of  particles  of  gas  in  the  unit  of  volume 
above  it.  It  will  also  depend  on  the  temperature  of  the 
gas.  Now,  when  the  number  of  particles  of  liquid  which 
escape  from  each  unit  of  area  of  its  surface  is  equal  to  the 
number  of  particles  of  the  gas  ivhich  enter  it  through  the 
same  area,  the  number  of  particles  of  gas  above  the  liquid 
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will  remain  unchanged ;  in  fact,  the  space  will  then  be 
saturated  with  the  vapour,  and  it  may  be  shown  that  this 
final  state  of  things,  or  balance  of  exchanges,  will  not  be 
affected  by  the  presence  of  foreign  particles  with  the 
vapour.  This  explains  Dalton's  laws,  and  also  shows  that 
the  apparent  rate  of  evaporation  must  depend  upon  the 
rate  at  which  the  vapour  can  get  away  from  the  liquid  by 
diffusion  through  the  air. 

205.  Latent     Heat    of    Evaporation.      When  a 
liquid  begins  to  boil,  although  heat  is  continually  com- 
municated   to  it  and  the  temperature  of    the  vapour  is 
not    above    that   of    the   liquid,    yet   as   long  as   any  of 
the    liquid    remains    its    temperature  will    continue  un- 
changed, provided   that    its  composition  be    not  altered. 
(This   provision    excludes    unsaturated   solutions   which 
become  more  concentrated  on    boiling,  and  mixtures  of 
liquids  which  undergo  fractional  distillation.)     The  heat 
which  enters  the  liquid  during  the  process  of  boiling,  as  it 
does  not  raise  the  temperature,  was  supposed  by  Dr.  Black 
to  become  latent  within  the  vapour,  and  this  Irypothesis 
seemed  the  more  probable  since  this  heat  again  becomes 
sensible  when  the  vapour  is  condensed.     We  now  know 
that  the  so-called  latent  heat  really   ceases   to   be   heat, 
being  entirely  used  up  in  doing  work  and   causing  the 
water  to  become  vapour  in  opposition  to  molecular  forces 
and  to  the  pressure  of  the  air.     When  the  vapour  is  con- 
densed a  corresponding  amount  of  work  is  done  upon  the 
particles,  and  the  same  amount  of  heat  is  again  produced. 

DEF.  The  number  of  imits  of  lieat  required  to  convert 
the  unit  of  mass  of  a  liquid  or  solid  into  vapour  without 
change  of  temperature  is  called  the  latent  heat  of  raporisa- 
tion,  or,  more  frequently,  the  latent  lie7iTojr'fJie~vapour. 

206.  Total  Heat  of  Steam.     Soon  after  Dr.  Black 
enunciated  his  theory  of  latent  heat,  James  Watt  found 
that  the  latent   heat  of  vaporisation  of  water  diminishes 
as  the  temperature  rises.     The  amount  of  heat  required 
to  raise  the  unit  mass  of  water  from  0°C.  to  any  particular 
temperature,  and  then  to  convert  it  into  saturated  steam, 

called  the  total  heat  of  steam  at  that  tempera- 
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ture.  The  phrase  is  sometimes  convenient  though  very 
unjustifiable.  Watt  concluded  that  the  total  heat  of 
steam  is  independent  of  its  temperature,  which  would 
make  the  latent  heat  diminish  by  unity  for  every  increase 
of  one  degree  in  temperature.  Had  this  been  the  case 
the  heat  required  to  produce  a  pound  of  steam  would  have 
been  the  same  at  all  temperatures  and  pressures  ;  but  the 
latent  heat  does  not  diminish  so  rapidly  as  this,  and  the 
total  heat  therefore  increases  with  the  temperature. 
Eegnault  found  that  the  total  heat  of  steam  at  any  tem- 
perature, f  C.,  may  be  represented  by 

006-5  +  -3Q5f. 

Hence,  to  produce  from  ice-cold  water  a  pound  of  steam  at 
atmospheric  pressure  requires  637  units  of  heat ;  but  to 
produce  a  pound  of  steam  at  a  pressure  of  10  atmospheres 
and  temperature  of  181°  C.  requires  only  661 '7  units  of 
heat. 

207.  Assuming  that  the  specific  heat  of  water  is  always 
unity  (which  is  not  quite  true),  it  follows  that  the  latent 
heat  of  steam  at  t°C.  must  be  equal  to  the  total  heat 
diminished  by  the  t  units  required  to  raise  the  tempera- 
ture of  the  water  to  f.     The  latent  heat  of  steam  at  f  C. 
will  therefore  be  represented  by 

606-5  -  -695*. 

Putting  t  equal  to  0,  we  have  for  the  latent  heat  of 
aqueous  vapour  at  the  freezing  point.  606-5;  while  putting 
t  equal  to  100,  we  see  that  the  latent  heat  of  steam  formed 
at  the  standard  atmospheric  pressure  is  537. 

208.  It  is  worthy  of  remark  that  (with  the  exception 
of  certain  mixtures  of  alcohol  and  water,  which  have  been 
shown   by  Dr.  Dupre  and   Mr.  Page   to  have  a  greater 
specific  heat  than  pure  water)  water  has  a  higher  specific 
heat  than  any  other  liquid  or  any  solid  ;  the  latent  heat 
of  fusion  of  ice  is  greater  than  that  of  any  other  substance ; 
and  the  latent  heat  of  steam  at  the  ordinary  boiling  point 
is  greater  than  that  of  any  other  vapour.    The  latent  heat 
of  alcohol  is  about  202-4,  that  of  ether  about  9(>5,  and 
that  of  bromine  about  45'6. 

209.  Measurement  of  the  Latent  Heat  of  Evapo- 
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ration.  The  latent  heat  of  evaporation  of  water,  more 
generally  called  the  latent .  heat  of 
xteam,  may  be  measured  by  means  of 
the  apparatus  .shown  in  Fig.  30.  A 
represents  a  flask  containing  boiling 
water,  the  steam  from  which  escapes 
through  the  tube  B ;  C  is  a  beaker 
containing  a  known  weight,  say  1000 
grains,  of  distilled  water  at  a  known 
temperature,  say  14°  C.  When  the 
steam  is  escaping  freely  from  B,  its 
end  is  made  to  dip  nearly  to  the  bot- 
tom of  the  water  in  the  beaker.  After 
a  short  time  the  tube  B  is  removed, 
and  the  temperature  of  the  water 
in  the  beaker  observed.  Suppose  it  to  be  20°  C.  The 
beaker  is  then  weighed,  and  the  difference  between  this 
and  the  last  weighing  gives  the  amount  of  steam  which 
has  entered  it.  Suppose  this  to  be  10  grains,  and  suppose 
the  temperature  of  the  steam,  as  indicated  by  the  ther- 
mometer in  A,  to  be  100°  C.  Then  10  grains  of  steam  in 
being  cooled  from  100°  C.  to  20°  C.,  have  raised  the  tem- 
perature of  1000  grains  of  water  6°  C.  Ten  grains  of 
steam,  therefore,  in  condensing  and  cooling  from  100°  C. 
to  20°  C..  emit  as  much  heat  as  would  raise  6000  grains  of 
water  lc  C.  But  10  grains  of  water  in  cooling  from  100° C. 
to  20°  C.,  would  emit  sufficient  heat  to  raise  800  grains  of 
water  1°  C.  Hence,  10  grains  of  steam  at  100°  C.,  in  con- 
densing to  water  at  100°  C,  emit  sufficient  heat  to  raise 
5200  grains  of  water  1°C.  The  latent  heat  of  steam  is 
therefore  determined  by  this  experiment  to  be  520. 

210.  The  result  obtained  in  the  last  article  is,  obviously, 
too  small,  because  we  have  neglected  the  heat  taken  up 
by  the  beaker  as  well  as  that  lost  to  surrounding  bodies. 
This  source  of  error  may  be  eliminated  by  emptying  the 
beaker  after  the  last  weighing,  placing  in  it  1000  grains 
of  water  at  14°  C.,  as  before,  and  slowly  pouring  into  this 
a  quantity  of  water  at  some  known  temperature,  say  50° C., 
keeping  the  whole  well  stirred  until  the  temperature  of 
the  water  in  the  beaker  is  20°C.?  the  same  as  after  the 
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entrance  of  the  steam.  If  about  the  same  time  be  occu- 
pied in  this  process  as  in  the  admission  of  the  steam, 
about  the  same  amount  of  heat  will  be  lost  to  surrounding 
bodies,  and  the  same  amount  will  be  taken  up  by  the 
beaker.  Suppose  the  amount  of  water  at  50°  C.  which 
has  been  poured  in  to  be  206  grains.  Then,  since  the 
206  grains  of  water  at  50°  C.  have  produced  the  same 
effect  as  was  produced  previously  by  the  10  grains  of 
steam,  it  follows  that  10  grains  of  steam  at  100°  C.,  in 
becoming  water  at  20°  C.,  give  out  as  much  heat  as  206 
grains  of  water  in  cooling  through  30°  C.,  or  as  much  as 
would  raise  6180  grains  of  water  1°  C.  Whence  we  get 
for  the  latent  heat  of  steam  the  number  538.  Its  actual 
value  at  100°  C.  is  about  537. 

211.  The  calorimeter  described  in  Art.  42  may  with 
advantage  be  substituted  for  the  beaker  in  this  experiment. 
Care  should  be  taken  to  protect  the  upper  part  of  the  flask 
and  the  tube  from  loss  of  heat  by  a  jacket  of  cotton  wool 
or  some  similar  material,  and  a  screen  should  be  placed 
between  the  calorimeter  and  the  source  of  heat,  to  keep 
off  radiation. 

The  cotton  wool  which  surrounds  the  steam  pipe  in  the 
apparatus  above  described  does  not  wholly  prevent  con- 
densation, and  when  possible  it  is  better  to  surround  the 
tube  with  a  steam  jacket,  though  this  will  require  ad- 
ditional precautions  to  prevent  heat  being  communicated 
directly  to  the  calorimeter.  M.  Berthelot  overcomes  the 
difficulty  by  a  very  neat  arrangement.  His  apparatus, 
Fig.  30rt,  consists  of  a  flask  A,  into  which  the  liquid 
whose  latent  heat  of  evaporation  is  to  be  determined  is 
placed  ;  but  the  steam  pipe,  instead  of  passing  out  at  the 
top,  passes  down  through  the  liquid  and  through  the 
bottom  of  the  vessel  into  the  calorimeter,  where  it  is 
united  with  a  "  worm  "  at  B.  The  extremity  of  the  worm 
is  open  to  the  air  at  (7,  which  secures  the  pressure  in  the 
flask  being  sensibly  equal  to  that  of  the  atmosphere.  The 
calorimeter  is  covered  with  wood  and  cardboard,  to  protect 
it  from  direct  radiation,  and  the  flask  is  heated  by  a  ring 
burner  Z),  over  which  is  placed  wire  gauze.  The  calori- 
meter is  similar  in  principle  to  that  described  in  Art.  42, 
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but  is  surrounded  by  a  hollow  vessel  of  water  to  protect 
the  instrument  from  radiation  to  or  from  the  objects  in 
the  room.  A  weighed  quantity  of  the  liquid  is  introduced 
into  the  flask,  and  is  boiled  until  the  whole  has  evaporated, 


FIG,  80a, 


The  small  amount  of  heat  communicated  to  the  calori- 
meter by  conduction  along  the  steam  pipe  is  determined 
by  observing  the  thermometer  in  the  calorimeter  before 
the  distillation  has  commenced  and  after  it  has  been 
completed,  ^t,  \kM#*t*»* 


(A    I  AA. 
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By  making  the  vessel  A  of  sufficient  strength,  and 
connecting  the  tube  C  with  a  reservoir  containing  com- 
pressed air — the  pressure  in  which  is  maintained  by  a 
pump  and  registered  by  a  mercury  gauge — the  latent  heat 
of  steam  at  high  temperature  and  pressure  may  be  deter- 
mined. By  partially  exhausting  the  air  in  the  reservoir 
by  means  of  an  air  pump,  the  latent  heat  of  steam  at  low 
temperature  and  pressure  may  be  measured  with  the  same 
apparatus. 

212.  The  fact  that  heat  is  consumed  by  water  in  pas- 
sing into  the  condition  of  vapour  prevents  the  sudden 
generation  of  large  quantities  of  steam  under  ordinary 
circumstances.     If  the  latent  heat  of  steam  were  zero,  as 
soon  as  a  quantity  of  water  reached  the  boiling  point  the 
whole  would  at  once  be  converted  into  steam,  and  the 
heating  of  water  in  an  ordinary  kettle  to  near  the  boiling 
point  would  be  a  highly  dangerous  operation.     There  are 
some  bodies  in  which,  when  they  pass  into  the  gaseous 
condition,  such   passage  is   accompanied    by  a  chemical 
change  which  allows  work  to  be  done  by  the  chemical 
forces,  and  heat  to  be  generated  instead  of  being  absorbed. 
Gun-cotton,  dynamite,  and  the  like,  are  examples  of  such 
bodies,  and   they   behave   very  like   a   substance  whose 
latent  heat  of  vaporisation  is  negative. 

213.  Boiler  Explosions.     Suppose  a  steam  boiler  to 
contain  10,000  Ibs.  of  water  and  steam  at  a  pressure  of 
150  Ibs.  per  square  inch  above  atmospheric  pressure.    The 
temperature  will  then  be  nearly  189°  C.,  and  the  water 
will  contain  rather  more  than  890,000  units  of  heat  over 
and  above  that  which  it  would  contain  at  100°  C.     If  the 
boiler  were  to  burst,  the  pressure  would  be  at  once  reduced 
to  atmospheric  pressure  and  the  temperature  to  100^0., 
so  that  steam  will  be  generated  until  890,000  units  of  heat 
have  been  absorbed  as  latent  heat.     The  latent  heat  of 
steam  at  atmospheric  pressure  is  537 ;  hence  about   1657 
Ibs.  of  steam  will  be  produced  ;  and  since  a  cubic  yard  of 
steam  at  100°  C.  and  atmospheric  pressure  contains  1  Ib. 
very  nearly,  it  follows  that  1657  cubic  yards,  or  44,739 
cubic  feet,  of  steam  at  atmospheric  pressure  will  be  gene- 
rated immediately  on  the  bursting  of  the  boiler, 
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21-4.  Condensation.  If  a  vapour  be  cooled  below  the 
temperature  at  which  its  pressure  is  the  greatest  which 
can  be  exerted  at  that  temperature  by  the  vapour  in  con- 
tact with  its  liquid,  condensation  will  generally  commence ; 
and  if  the  temperature  be  lowered  still  further,  or  attempts 
be  made  to  increase  the  pressure  of  the  vapour  by  dimin- 
ishing the  space  occupied  by  it,  the  condensation  will 
continue,  the  space  remaining  always  saturated.  There 
is  evidence,  however,  that  vapour  cannot  condense  except 
there  be  present  some  portion  of  its  own  liquid  or  some 
other  suitable  surface  on  which  it  may  be  deposited. 
Thus,  air  perfectly  free  from  solid  or  liquid  particles  may 
be  charged  with  vapour,  and  then  cooled  to  a  temperature 
far  below  the  dew-point  without  any  condensation  taking 
place.  If  there  be  any  motes  in  the  air,  such  for  instance 
as  particles  of  smoke,  etc.,  these  will  form  foci  upon  which 
the  vapour  will  condense,  and  thus  a  fog  or  mist  may  be 
created.  This  tendency  of  solid  particles  to  condense 
vapour  upon  them  probably  accounts  for  the  prevalence 
of  fogs  in  large  manufacturing  towns,  especially  when 
situated  on  the  banks  of  rivers.  As  a  general  rule  (see 
Maxwell's  Heat)  evaporation  takes  place  from  liquids  the 
more  readily  the  more  convex  their  surfaces.  Thus,  if 
a  small  drop  of  water  with  a  very  convex  surface  and  a 
large  drop  with  a  surface  of  less  curvature  be  placed  in 
the  same  receiver,  the  small  drop  will  evaporate  and  the 
vapour  will  condense  upon  the  larger  drop,  until  the 
former  has  disappeared.  We  may  therefore  infer  that  in 
the  case  of  a  drop  indefinitely  small,  if  such  could  exist, 
evaporation  would  go  on  whatever  were  the  pressure  of 
the  surrounding  vapour  ;  so  that  the  commencement  ot 
condensation  of  a  vapour  into  spherical  drops  with  no 
nucleus,  and  therefore  with  a  surface  of  indefinitely  sharp 
curvature,  is  an  impossibility. 

215.  Faraday's  first  apparatus  for  the  liquefaction  oi 
gases  consisted  simply  of  a  strong  glass  tube  slightly  bent 
in  the  middle,  and  held  so  that  each  half  sloped  down- 
wards from  the  middle  point.  The  material  from  which 
the  gas  was  to  be  generated  by  heat  was  placed  at  one  end 
of  the  tube,  which  was  then  hermetically  sealed  ;  and  on 
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being  warmed  the  gas  was  liberated  and  liquefied  at  the 
other  (cold)  end  of  the  tube  by  its  own  pressure.  By 
employing  crystals  of  chlorine  hydrate,  chlorine  gas  was 
liberated  arid  condensecT  into  an  oily  liquid.  "With  silver 
ammonium  chloride,  liquid  ammonia  was  obtained.  Fara- 
day afterwards  employed  force  pumps  for  compressing 
the  gases  ;  forcing  them  into  glass  tubes  immersed  in  a 
mixture  of  solid  carbonic  anhydride  and  ether.  With 
this  apparatus  he  succeeded  in  liquefying  nearly  all  the 
gases  known  to  him  except  oxygen,  hydrogen,  nitrogen 
(airj,  marsh  gas,  and  carbonic  oxide.  He  expressed  his 
opinion  that  at  -  166°  F.  no  amount  of  pressure  would 
liquefy  these  gases,  and  until  very  recently  they  were 
called  permanent  gases.  They  obey  "  the  gaseous  laws  " 
much  more  faithfully  than  do  those  gases  which  can  be 
liquefied  readily  (Art.  119).  Since  Faraday's  time  (in 
1877)  these  gases  have  all  been  liquefied,  and  hydrogen 
solidified,  by  Cailletet  and  Pictet.  Thilorier's  apparatus 
for  the  liquefaction  of  carbonic  anhydride  consists  of  two 
iron  bottles  connected  by  a  tube.  One  of  these  vessels  is 
placed  in  a  freezing  mixture  of  ice  and  salt,  while  carbonic 
anhydride  is  produced  in  the  other  by  the  action  of  sul- 
phuric acid  on  chalk.  The  gas  passes  over  and  liquefies 
in  the  cold  vessel.  If  the  liquefied  carbonic  anhydride 
be  allowed  to  escape  into  the  air  through  a  fine  jet,  the 
bottle  being  inverted  for  that  purpose,  the  cold  produced 
by  the  rapid  evaporation  causes  some  of  the  material  to 
freeze,  forming  carbonic  anhydride  snow,  which  may  be 
collected  by  discharging  the  liquid  into  a  wooden  box 
perforated  so  that  the  gas  can  escape,  when  the  solid  is 
left  in  the  box.  Andrews'  apparatus  for  the  condensation 
of  carbonic  anhydride  will  be  described  in  Art.  219. 

21G.  Carre's  Freezing  Machine.  A  useful  illus- 
tration of  the  great  amount  of  heat  absorbed  during  eva- 
poration is  afforded  by  Carre's  freezing  machine.  This 
consists  essentially  of  two  closed  iron  vessels  communi- 
cating by  a  pipe  which  can  be  closed  by  a  tap.  In  one  of 
these  vessels,  J.,  is  placed  a  concentrated  solution  of 
ammonia.  The  other,  />,  is  annular  in  form,  surrounding 
a.  hollow  space  into  which  the  m.ateria.1  to  be  cooled  is 
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placed.  The  vessel  A  is  heated  over  a  fire,  B  being 
kept  cool,  when  the  ammonia  distils  off  and  condenses 
in  B  at  a  pressure  depending  on  the  temperature  of  B. 
If  the  temperature  be  0°  C.,  the  pressure  will  be  about 
5.V  atmospheres.  When  nearly  all  the  ammonia  has 
distilled  over,  the  communication  between  A  and  B  is 
closed  by  turning  the  tap,  and  the  vessel  J.,  which  now 
contains  nearly  pure  water,  is  allowed  to  cool.  The 
material  to  be  frozen  is  then  placed  in  the  cavity  within 
the  vessel  B,  and  when  the  water  in  A  is  sufficiently  cold, 
the  communication  between  A  and  B  is  reopened,  and  the 
liquid  ammonia  in  B  boils  away  rapidly,  absorbing  the 
latent  heat  of  evaporation,  while  the  gas  is  absorbed  by 
the  water  in  A  as  rapidly  as  it  is  produced.  The  rapid 
absorption  of  the  latent  heat  of  evaporation  by  the 
ammonia  in  B  causes  the  reduction  of  temperature  which 
it  is  the  object  of  the  apparatus  to  produce. 

217.  The  temperatures  and  pressures  at  which  several 
gases   have   been   liquefied    are   given  in    the  following 
table  : — 

Pressure  in  Atmospheres.     Temperature 

Sulphurous  Anhydride  £&,  .  2  .  .  7°  C. 

Chlorine     .......  4  ,  .  15'5° 

Cyanogen 4  .  .  15'5° 

Ammonia 6;V  .  .  10° 

Sulphuretted  Hydrogen  .     .  17 -  .  .  10° 

Carbonic  Anhydride  £4    .     .  36  ...  0° 

Hydrochloric  Acid  .     .  t  .     .  40  ;  .  10° 

Nitrous  Oxide  \\^  Q  .     .     . .  >.  50  .  .  7° 

218.  Freezing  Mixtures.     The   action  of  freezing 
mixtures  depends  upon  the  latent  heat  absorbed  by  bodies 
in  fusing  or  evaporating.     If  ice  and  salt  be  pounded  to- 
gether,   the   ice    m£Lts   through  the    action   of  the   salt, 
absorbing  the  latent  heat  of  fusion,  and  if  the  materials 
be  originally  at  0°  C.,  a  temperature  of-20°C.  may  be 
produced.     The    action  of  sulphuric  acid  on  crystals   of 
sodic  sulphate  is  very  similar.     The  rapid  evaporation  of 
liquids  produces  still  greater  degrees   of  cold.      If   two 
watch-glasses   be    moistened    with     water     and    placed 
under  the  receiver  of  an  air-pump,  by  quickly  exhaust- 
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ing  the  receiver  the  glasses  may  be  frozen 
together.  The  evaporation  of  water  in  air 
at  ordinary  pressure  will  serve  to  freeze 
small  quantities  of  water  if  the  temperature 
of  the  air  be  2°  C.,  provided  that  it  be  per- 
fectly free  from  vapour.  By  mixing  solid 
carbonic  anhydride  with  ether,  and  allowing 
the  mixture  to  evaporate  in  vacuo,  Faraday  * 
obtained  a  temperature  of  - 110°  C.  By 
causing  a  mixture  of  carbonic  bisulphide 
and  liquid  nitrous  oxide  to  evaporate  in 
racuo,  Natterer  obtained  a  temperature 
which  he  estimated  at  — 140°  C. 

219.  Andrews'  Apparatus.  Dr.  An- 
drews' apparatus  for  the  compression  of  gases 
consists  essentially  of  a  tube  of  glass  (Fig.  31), 
of  which  the  upper  portion  has  a  very  fine 
bore,  while  both  the  bore  and  external 
diameter  of  the  lower  part  of  the  tube  are 
considerably  greater.  This  tube  contains  the 
gas  to  be  compressed.  The  lower  part  of  the 
tube  is  immersed  in  mercury  contained  in 
a  test-tube  which  is  suspended  in  a  copper 
cylinder.  The  conical  shoulder  of  the  tube 
rests  in  a  corresponding  seat  in  the  cover  of 
the  cylinder,  which  is  screwed  down  upon 
a  flange  attached  to  the  top  of  the  cylinder, 
a  leather  washer  covered  with  lard  being 
placed  between  the  grooved  surface  of  the 
rlange  and  cover.  The  copper  cylinder  is 
filled  with  water,  and  a  slender  steel  screw  entering  at 
the  bottom  serves  to  diminish  the  capacity  of  the  cylinder, 
and  thus  to  produce  the  requisite  pressure.  On  sere  wing- 
up  the  steel  screw  the  pressure  of  the  water  drives  the 
mercury  from  the  test-tube  up  the  thermometer-tube, 
compressing  the  gas  above  it. 

If  the  tube  be  filled  with  pure  carbonic  anhydride  at 
13'1°C.,  when  tho  pressure  reaches  about  48  atmospheres 
the  gas  begins  to  liquefy,  the  pressure  remaining  constant 
until  the  whole  has  assumed  the  liquid  condition.  On 
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increasing  the  pressure,  the  liquid  will  be  seen  sensibly  to 
contract.  On  diminishing  the  pressure,  the  liquid  again 
expands ;  and  if  the  pressure  be  rapidly  relieved,  the 
liquid  will  boil  violently,  bubbles  of  gas  being  formed  in 
its  midst  as  soon  as  the  pressure  becomes  sensibly  less  than 
48  atmospheres.  At  21*5°  C.  carbonic  anhydride  requires 
a  pressure  of  about  60  atmospheres  to  liquefy  it,  while  at 
temperatures  above  30*9°  C.  no  amount  of  pressure  we 
can  apply  will  reduce  it  to  the  liquid  condition  ;  but  of 
this  we  shall  speak  shortly. 

220.      Cailletet's  Apparatus.     The  apparatus  with  ,; 
which  Cailletet  first  succeeded  in  liquefying  air  differed  ' 
only  from  that  of  Andrews  just  described  in  the  manner  L  t  (. 
in  which  the  pressure  was  produced,  and  in  having  a  stop-  ' 
cock  by  which  the  water  could  escape  from  the  cylinder, 
thus  allowing  the  pressure  to  be  suddenly  relieved.     In 
Cailletet's  apparatus  the   cylinder  was   connected   with   p 
a  powerful  force-pump,   somewhat  similar  to  the  force- 
pump   of  a  Bramah  press,  and  the  pressure  applied   by 
its  means.      The   thermometer-tube  containing   the  gas 
was  cooled  by  a  freezing  mixture  to  about  —  29°  C.,  and 
a  pressure   of   about   300   atmospheres  was  applied,  but 
under  this  pressure  carbonic  oxide,  nitrogen,  oxygen,  and 
hydrogen  retained  the  gaseous  state.    On  suddenly  reliev- 
ing  the   pressure    by  turning   the    stop-cock,    the  rapid 
expansion  of  the  gas  occasioned  so  great  a  diminution 
of  temperature  that  in  the  case  of  each  of  these  gases  a 
liquid  spray  was  produced  in  the  tube.  \^f  &    <r< 


221.  Pictet 's  Apparatus.  Pictet  worked  on  a  some- 
what larger  scale  than  Cailletet.  By  the  employment  of 
double-action  pumps,  which  served  to  exhaust  the  gas  ! 
from  one  vessel  and  to  compress  it  in  another,  Pictet 
liquefied  a  quantity  of  sulphurous  anhydride  in  a  large 
tube,  and  by  pumping;  the  gas  out  from  one  end  of  the  tube, 
liquefying  it  in  a  cold  vessel  by  pressure,  and  then  causing 
the  liquid  to  enter  the  other  end  of  the  tube,  he  kept  up  a 
constant  circulation  of  the  same  sulphurous  anhydride. 
In  the  interior  of  the  sulphurous  anhydride  tube  was 
placed  another  tube  into  which  carbonic  anhydride  passed . 
from  the  vessel  in  which  it  was  generated.  The  rapid  and 
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continued  evaporation  of  the  sulphurous  anhydride  under 
the  diminished  pressure  kept  up  by  the  pumps  cooled  the 
carbonic  anhydride  so  much  as  to  liquefy  it  under  the 
pressure  to  which  it  was  exposed.  The  liquid  carbonic 
anhydride  then  flowed  into  a  tube,  through  the  centre  of 
which  was  passed  a  smaller  tube,  into  which  was  forced 
the  air  or  other  gas  to  be  liquefied.  A  second  set  of  pumps 
removed  the  carbonic  anhydride  as  it  evaporated,  and 
forced  the  gas  so  removed  back  into  the  tube  immersed 
in  the  sulphurous  anhydride,  thus  keeping  up  a  constant 
circulation  of  the  carbonic  anhydride.  A  third  set  of 
pumps  forced  air  or  any  other  gas  to  be  examined  into 
the  narrow  tube  immersed  in  the  liquid  carbonic  anhydride 
which  was  rapidly  evaporating  under  the  action  of  the 
pumps.  The  tube  containing  the  air  (or  other  gas)  was 
provided  with  a  stop-cock  by  which  the  pressure  could  be 
suddenly  relieved.  The  temperature  of  the  gas,  already 
cooled  by  the  evaporation  of  the  carbonic  anhydride, 
became  so  much  lowered  by  the  sudden  expansion  that  a 
liquid  spray  was  produced  in  all  the  cases  tried,  and  it  was 
stated  that  hydrogen  became  solidified  into  a  grey  metallic 
substance. 

222.  The  Critical  Point.  M.  Cagniard  de  la  Tour, 
in  1822,  enclosed  a  quantity  of  alcohol  in  a  tube  so  as  to 
occupy  about  two-fifths  of  the  volume  of  the  tube.  A 
small  pellet  of  mercury  separated  the  alcohol  from  the  air, 
which  at  first  filled  the  remainder  of  the  tube,  and  the 
compression  of  this  air  served  to  measure  the  pressure  to 
which  the  alcohol  was  exposed.  On  raising  the  tempera- 
ture to  about  225°  C.  (according  to  Cagniard  de  la  Tour) 
the  alcohol  suddenly  disappeared,  or  rather,  the  surface 
separating  it  from  its  vapour  vanished,  the  pressure 
recorded  being  about  129  atmospheres.  In  another  ex- 
periment, when  the  alcohol  filled  much  more  than  two- 
fifths  of  the  interior  of  the  tube,  an  explosion  took  place, 
but  when  the  volume  of  the  alcohol  was  much  less,  it  all 
evaporated  before  reaching  the  temperature  at  which  the 
surface  vanished  in  the  first  experiment.  A  similar  result 
was  obtained  with  ether,  naphtha,  and  water ;  but  in  the 
case  of  water  it  was  necessary  to  add  a  little  sodic  carbonate 
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to  prevent  the  solution  of  the  glass.  These  experiments 
were  afterwards  repeated  and  the  results  verified  by 
Faraday,  and  more  recently  by  Andrews.  As  the  tempera- 
ture is  raised  the  bounding  surface  of  the  liquid  becomes 
less  and  less  curved,  indicating  a  diminution  of  the  surface 
tension,  and  at  the  same  time  less  distinct,  until  it  becomes 
perfectly  plane  just  before  it  vanishes  altogether.  Imme- 
diately after  the  vanishing  of  the  surface  a  flickering 
haziness  is  sometimes  noticed  in  the  tube,  as  if  some  of 
the  contents  alternately  became  liquid  and  then  gaseous 
again.  It  seems  that  as  the  temperature  is  raised  the 
vapour  becomes  more  and  more  dense  through  increased 
evaporation,  while  the  liquid  expands,  becoming  less  dense; 
so  that  the  properties  of  the  two  gradually  approach  one 
another,. and  at  length  the  whole  becomes  apparently  one 
continuous  mass.  This  temperature,  at  which  the  liquid 
and  the  gaseous  states  merge  into  one  another,  has  been 
called  by  Andrews  the  critical  point. 

223.  As  the  temperature  is  raised   the  latent  heat  of 
evaporation   of  liquids   diminishes,   indicating  that   less 
energy  is  required   to   effect   the   transformation  of  the 
liquid  into  the  gas,  and  this  diminution  appears  to  con- 
tinue without  limit  as  the  temperature  approaches  the 
critical  point  ;  so  that  when  this  temperature  is  reached, 
the  latent  heat  of  evaporation  becomes  ;///,  the  liquid  and 
gaseous  states  being  in  fact  identical.     When  a  substance 
is  heated  above  the  critical  temperature,  it  seems  to  be 
impossible  to  liquefy  it  by  pressure.      Faraday  was  of 
opinion  that  —  166°  C.  is  above  the  critical  temperature 
for  air,  oxygen,   hydrogen,  nitrogen,  carbonic  oxide,  and 
marsh  gas.     Air  can  be  easily  compressed  to  a  density  far 
exceeding  that  of  water,   without  any  apparent  change 
taking  place  in  its  constitution. 

224.  Dr.  Andrews  has  very  carefully  studied  the  be- 
haviour  of  carbonic  anhydride  when  near  the  critical  point 
by  means  of  his  apparatus  for  the  compression  of  gases 
described  in  Art.  219.     By  surrounding  the  thermometer- 
tube  by    a   rectangular  case    with  plate-glass  front  and 
back,  and  filling  this  case  with  water  whose  temperature 
could   be  very   accurately   adjusted,   he   has   found   the 

G.  H.  L 
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critical  temperature  to  be  3O92°  C.  In  order  to  obtain  a 
substance  in  the  critical  state,  it  is  necessary  not  only  to 
adjust  the  temperature  to  the  critical  point,  but  also  the 
pressure  to  what  may  be  called  the  critical  pressure. 
These  two  conditions  will  determine  the  volume  of  any 
given  quantity  of  the  substance,  and  therefore  its  density  ; 
so  that  we  may  speak  of  the  critical  temperature,  critical 
pressure,  and  critical  volume  of  a  substance.  Hence  the 
difficulty  of  observing  the  phenomena  attending  the  pas- 
sage of  a  substance  through  the  critical  point  when  sealed 
in  a  glass  tube  ;  for  if  the  volume  of  the  tube  exceed  the 
critical  volume,  the  substance  will  entirely  evaporate 
before  reaching  the  critical  temperature ;  while  if  it  fall 
short  of  the  critical  volume,  the  liquid  will  expand  till  it 
fills  the  tube,  and  the  substance  will  remain  entirely  in 
the  liquid  state  until  the  tube  bursts  ;  or,  if  the  tube  be 
strong  enough  to  resist  the  pressure,  the  liquid  will  pass 
by  a  continuous  process  into  the  gaseous  state,  as  the 
critical  point  is  reached,  without  any  change  taking  place 
in  its  appearance,  and  the  contents  of  the  tube  will  not  be 
partly  liquid  and  partly  gaseous,  so  as  to  show  the  bound- 
ing surface  of  the  liquid  when  the  critical  point  is 
reached. 

225.  The  critical  temperatures  and  pressures  of  some 
substances,  as  determined  by  Dr.  Andre\vs,  are  given  in 
the  following  table  :  — 

Pressure?  in 
Temperature.      Atmosphnvs. 

Carbonic  Anhydride     .  BO92°  C.  .     75 

Ether 187'5°     .  .     37'5 

Alcohol 258-7°     .  .119 

Carbon  Bisulphide  .     .  262'5°     .  .     66*5 

Water 411'7°     .  .        ? 

226.  If  the  temperature  of  a  substance  be  raised  above 
the  critical  point,  so  that  the  whole  becomes  gaseous,  and 
be  then  gradually  lowered,  the  pressure  being  maintained 
above  the  critical  pressure,  the  substance  will  pass  continu- 
ously from  the  gaseous  to  the  liquid  state  as  the  tempera- 
ture passes  through  the  critical  point,  no  apparent  change 

king  place  in  the  nature  of  the  contents  of  the  tube  ; 


., 
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but  on  sufficiently  diminishing  the  pressure  after  -the 
temperature  has  fallen  below  the  critical  point,  the  liquid 
will  be  seen  to  boil. 

227.  By  placing  the  tube  of  Andrews'  apparatus  in  a 
solar  microscope  in  front  of  an  oxyhydrogen  or  electric 
lamp,  the  radiation  from  the  lamp  suffices  to  raise  the 
temperature  of  the  tube  above  the  critical  point  for  car- 
bonic anhydride,  and  at  the  same  time  to  project  an  image 
of  the  contents  (magnified  say  100  diameters)  on  a  screen 
suitably  placed.     A  blast  of  air  from  a  bellows  serves  to 
lower  the  temperature  below  the  critical  point  when  re- 
quired, without  interfering  with  the  image  on  the  screen. 
By  this  means  all  the  phenomena    above  described    as 
attending  the  passage  of  carbonic  anlrydride  through  the 
critical  point  can  be  exhibited. 

228.  The  Spheroidal  State.     If  a  clean  metal  plate 
be  heated  to  redness,  and  a  drop  of  water  placed  upon  it 
by  means  of  a  pipette,  the  drop  will  evaporate  but  slowly, 
provided  the  temperature  of  the  metal  be  kept  up ;  but 
if  the  metal  be  allowed  to  cool,  the  drop  will  presently 
pass  into  vapour  with  explosive  violence.     If  the  surface 
of  the  metal  be  slightly  convex  upwards,  the  drop  can  be 
easily  held  at  the  highest  point  of  the  surface  by  means 
of  a  cold  wire  inserted  in  the  drop,  but  not  touching  the 
hot  metal.     It  is  then  easy  to  see  that  the  drop  is  not  in 
contact  with  the  metal  surface,  but  is  supported  slightly- 
above  it,  as  shown  in  Fig.  32.     That  the          FIG.  32. 
drop  is  not  in  contact  with  the  hot  metal  ^^ 

may  also  be  shown  by  connecting  the  i 
wire  which  is  inserted  into  the  drop  with  one  pole  of  a 
battery,  the  other  pole  being  connected  through  a  galva- 
nometer with  the  hot  plate.  In  this  case  no  deflection  of 
the  galvanometer  will  take  place  so  long  as  the  plate  is 
sufficiently  hot  to  support  the  drop  as  above  described, 
but  if  the  temperature  be  lowered  till  vapour  is  produced 
with  explosive  violence  the  galvanometer  will  at  the  same 
time  be  deflected,  indicating  that  the  drop  has  come  into 
contact  with  the  plate,  which  of  course  accounts  for  the 
sudden  generation  of  steam.  So  long  as  the  drop  is  sup- 
ported without  coming  into  contact  with  the  hot  metal, 
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its  form  is  approximately  spheroidal,  though  flatter  at  the 
lower  than  at  the  upper  surface,  and  this  condition  of 
the  drop  is  called  the  spheroidal  state.  Having  been  first 
carefully  examined  by  Leidenfrosfc,  it  is  frequently  known 
as  Leidenfrost's  phenomenon. 

229.  All  liquids  which  readily  evaporate  can  be  made 
to   assume   the   spheroidal    condition ;    but   for   a  given 
metallic  surface,  the  lowest  temperature  at   which  the 
spheroidal   condition  can  be   produced   depends    on   the 
nature  of  the  liquid  and  the  pressure  to  which  it  is  ex- 
posed.    As  a  general  rule,  the  more  volatile  the  liquid  the 
lower  the  temperature  required  ;  while  for  a  given  liquid, 
reduction  of  pressure  allows  diminution  of  temperature, 
since  it  facilitates  evaporation. 

The  proximity  of  the  heated  metallic  surface  causes 
rapid  evaporation  to  take  place  from  the  lower  surface  of 
the  drop,  and  this  rapid  production  of  vapour  from  one 
surface  only  prevents  the  drop  approaching  the  metal 
plate  within  a  certain  distance  (for  as  it  comes  nearer  the 
rate  of  evaporation  must  increase),  in  the  same  way  as  the 
expulsion  of  a  stream  of  water  from  the  stern  of  a  ship 
propels  the  ship  ;  or  the  expulsion  of  the  shot  from  a 
gun  causes  the  latter  to  kick  ;  or  again,  the  expulsion  of 
the  steam-jet  from  Hero's  engine,  or  "the  little  marvel," 
produces  rotation  of  the  boiler.  Any  circumstance  which 
accelerates  evaporation  of  course  facilitates  the  assump- 
tion of  the  spheroidal  condition  ;  but  if  the  liquid  once 
comes  absolutely  into  contact  with  the  metal,  it  becomes 
rapidly  heated  throughout,  and  boils  with  explosion. 

230.  It  was  by  availing  himself  of  the  spheroidal  state 
of  volatile  liquids,  that  Faraday  was  able  to  freeze  water 
and  mercury  in  a  white-hot  platinum  crucible.  By  rapidly 
injecting   a   mixture   of  liquefied   sulphurous  anhydride 
and  ether  into  the  hot  crucible,  the  liquid  was  made  to 
assume  the  spheroidal  condition,  so  as  to  form  a  large 
"drop"    without  coming   into   contact  with  the  vessel. 
Rapid  evaporation  quickly  lowered  the  temperature  of  the 
drop  sufficiently  to  freeze  a  small  quantity  of  mercury 
held  in  a  spoon  near  its  centre.     By  employing  a  solution 
of   solid  carbonic  anhydride  in  ether,   in  place   of  the 
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mixture  first  used  by  Faraday,  the  experiment  is  greatly 
facilitated. 

231.  If  a  tolerably  large  spheroid  of  water  be  formed 
in  a  clean  platinum  cup,  it  will  be  frequently  seen  to 
assume  a  beaded  appearance,  always  exhibiting,  however, 
an  even  number  of  beads  around  its  circumference,  as 
shown  by  the  continuous  lines  in  A%,  B3,  C3  (Fig.  33).  On 
examining  the  drops  carefully  the  outline  of  the  beads 
will  be  seen  to  be  continued  in  a  fluted  form  within  the 
drop,  as  shown  by  the  dotted  lines  in  A%,  B~,  C3.  If  the 
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room  be  darkened  and  the  drop  illuminated  by  electric 
sparks,  it  will  be  seen  to  be  constantly  changing  its  form. 
Thus,  if  when  examined  by  a  continuous  light,  it  present 
eight  beads,  as  in  .Z?«,  when  illuminated  by  the  sparks  it 
will  present  four  beads  and  four  flutes,  sometimes  appear- 
ing as  Bl  and  sometimes  as  B2.  The  drop  is  in  this  case 
vibrating  like  a  bell  which  is  sounding  the  second  har- 
monic above  the  fundamental  note,  and  therefore  posses- 
sing eight  vibrating  segments,  and  the  figure  B3  seen  by 
a  continuous  light  is  but  the  superposition  of  the  images 
of  the  drop  in  its  extreme  vibration  forms,  shown  at  Bl 
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and  B2.  It  is  easy  to  obtain  all  the  forms  shown  in  Fig. 
33,  the  decagon,  CY3,  being  apparently  an  especial  favour- 
ite, but  generally  the  number  of  segments  diminishes  as 
evaporation  reduces  the  size  of  the  drop.  Sometimes  the 
drop  will  rotate  about  a  vertical  axis  while  vibrating,  and 
this  of  course  multiplies  the  apparent  number  of  vibrating 
segments  when  viewed  by  a  continuous  light,  but  the 
sparks  soon  indicate  the  true  state  of  the  case. 

232.  Many  accidental  causes  may  serve  to  start  vibra- 
tion in  a  spheroid.     Sometimes  a  quick  but  gentle  touch 
with  a  hot  wire  will  start  them,  but  if  the  spheroid  be 
left  to  itself,  something  generally  happens  to  produce  a 
vibration.     Once  set  up,    the  production  of  vapour  is  a 
sufficient  cause  to  sustain  them ;  for  more  vapour  will  be 
produced  from  the  projecting  segments  than   from  the 
others,  and  this  vapour  will  escape  from,  underneath  them, 
and  so  press  against  their  edges  as  they  recede,  while  the 
escape  of  vapour  past  the  edges  of  the  advancing  seg- 
ments will  be  somewhat  less.     We  thus  have  a  periodical 
force  and  supply  of  energy  acting  in  such  a  manner  as  to 
sustain  the  vibrations. 

233.  Sublimation.     Many  solids  evaporate  at  tem- 
peratures below  that  at  which  they  melt  under  ordinary 
pressure,  and  increase  of  pressure  or  diminution  of  tem- 
perature causes  the  vapour  at  once  to  return  to  the  solid 
form.     The  direct   passage  of  a   vapour   into  a  solid  is 
called  sublimation.      Camphor,  iodine,  ammoniacal  salts, 
and  some  other  volatile  solids  frequently  sublime  upon 
the  surfaces  of  vessels  containing  them.     When  aqueous 
vapour  is  condensed  upon  surfaces  at  a  temperature  below 
the  freezing-point,  hoar-frost  is  produced,  which  is  con- 
sequently sublimed  water. 

234.  The  Triple  Point.     If  a  block  of  ice  be  placed 
in  a  vacuum  at  a  temperature  below  the  freezing  point, 
it  will  evaporate  until  the    pressure  of  the    vapour  at- 
tains a   certain  amount  depending  on  the  temperature. 
B-egnault  has  investigated  the  pressure  of  aqueous  vapour 
in  the  presence  of  ice  through  a  range  of  several  degrees 
below  0°  C.   .  By  carefully  cooling  water  below  0°  C.,  so 
as  not   to   cause  it  to   solidify,  he    also  determined    the 
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pressure  of  aqueous  vapour  in  the  presence  of  water  for  a 
few  degrees  below  0°  C.,  and  found  the  result  was  not 
quite  the  same  as  when  only  ice  was  present.  There  is, 
however,  a  particular  temperature  at  wrhich  water,  ice, 
and  aqueous  vapour  can  exist  within  a  closed  vessel,  no 
other  substance  being  present  in  the  enclosure.  The 
necessary  condition  for  such  co- existence  is  obviously 
that  the  pressure  of  aqueous  vapour  at  this  temperature 
should  be  the  same,  whether  it  be  in  the  presence  of  ice 
or  water,  and  should  be  the  pressure  for  which  the  exist- 
ing temperature  is  the  melting  point  of  ice.  This  tem- 
perature is  called  the  triple  point ;  it  is  about  0'007°  C. 

Some  other  properties  of  steam  will  be  mentioned  in 
Chapter  XII. 

235.  Changes  in  Water.  It  may  be  of  use  briefly 
to  trace  the  changes  which  take  place  in  a  mass  of  ice 
when  heated. 

Suppose  we  have  a  pound  of  ice  at  —20°  C.  When 
heated  it  expands,  its  coefficient  of  expansion  being  about 
'00012  per  1°  C.,  and  its  specific  heat  about  '5.  It  will 
thus  absorb  about  10  units  of  heat,  while  its  temperature 
is  raised  to  0°  C.  before  it  begins  to  melt.  The  substance 
will  then  remain  at  this  temperature  till  it  has  absorbed 
about  79*5  units  of  heat,  when  it  will  all  have  been 
converted  into  water,  and  in  the  transition  its  volume 
will  have  contracted  by  about  9  per  cent.  The  tem- 
perature will  then  go  on  increasing  steadily,  the  water 
contracting  in  bulk  till  its  temperature  reaches  4°  C.,  after 
which  it  will  continue  to  expand  until  about  101  units 
of  heat  have  entered  the  water,  when  its  temperature  will 
be  100°  C.,  and  its  volume  will  have  increased  by  rather 
more  than  4  per  cent,  of  its  volume  as  water  at  0°  C. 
The  water  will  then  begin  to  boil,  and  if  the  heat  be 
continued,  the  whole  will  pass  off  as  steam,  absorbing  in 
the  process  about  537  units  of  heat,  and  expanding  to 
about  1690  times  the  volume  of  the  water  at  0°  C.,  the 
barometer  being  supposed  to  stand  at  30  inches.  Thus, 
the  amount  of  heat  absorbed  in  the  transformation  of  a 
pound  of  ice  at  -  20°  C.  to  steam  at  100°  C.  is— 
10  +  79-5  +  101  +  537  units  -  727'5  units, 


152  THEORIES  OE  EVAPORATION. 

or,  as  much  as  would  raise  727*5  Ibs.  of  water  through 
1°C. 

236.  Theories  of  Evaporation.  The  earliest  theo- 
ries with  which  we  are  acquainted  assumed  that  vapour 
consisted  of  a  compound  of  waiter  with  fire,  which  ren- 
dered the  vapour  light  and  caused  it  to  ascend.  When 
particles  of  vapour  were  blown  together,  the  fire  particles 
were  shaken  off,  and  the  water  fell  as  rain,  while  the  fire 
sometimes  made  its  appearance  as  lightning. 

The  supporters  of  another  theory  held  that  vapour  con- 
sisted of  vesicles,  or  little  balloons  of  water  filled  with  an 
aura,  which  was  specifically  lighter  than  air,  and  caused 
the  vesicles  to  ascend. 

Others  again  held  that  the  air  was  the  cause  of  evapo- 
ration, and  that  the  air  held  aqueous  vapour  in  chemical 
solution.  This  theory  was  disproved  by  De  Saussure,  who 
showed  that  aqueous  vapour  was  produced  in  the  vacuum 
of  an  air-pump  to  the  same  extent  as  in  the  air. 


CHAPTEE   VII. 

EFFECTS  OF  HEAT  UPON  THE  MECHANICAL,  MAGNETIC,  AND 
ELECTRICAL  PROPERTIES  OF  BODIES.  THERMO-ELEC- 
TRICITY. PELTIER  EFFECT.  THERMO-PILE. 

237.  WE  have  seen  (Art.  72)  that  a  piece  of  india- 
rubber  stretched  by  a   weight  will   contract  if   heated. 
Hence  it  appears   that  in   the  case  of   india-rubber  the 
elasticity  is  increased  by  raising  the  temperature.     The 
reverse  is  the  case  with  the  majority  of   bodies,  which 
become  less  and  less  elastic  as  their  temperature  is  raised, 
till  at  length  they  become  viscous  fluids.     The  ultimate 
strength  of  materials  is  also  affected  by  change  of  tem- 
perature.     Wrought  iron   is  said   to   have  the  greatest 
strength  to  resist  tension  near  the  boiling  point  of  water. 
When  the   temperature   is  raised   much  above  this,  the 
strength  of  the  iron  rapidly  diminishes.      It  is  for  this 
reason  that  both  wrought  and  cast  iron  are  almost  useless 
as  weight  hearers  in  the  construction  of  fireproof  buildings. 
Gun  metal,  consisting  of  88  per  cent,  of  copper,  10  per 
cent,  of  tin,  and  2  per  cent,  of  zinc,  has  its  tensile  strength 
diminished  to  one-half  at  a  temperature  a  little  above 
120°  C.,  when  it  presents  a  highly  crystalline  fracture. 
This  does  not  occur  when  no  zinc  is  present,  a  fact  which 
should  be  borne  in  mind  in  the  construction  of  boiler 
fittings. 

238.  Annealing  and  Tempering.    By  raising  solid 
bodies  to  a  high  temperature  and  then  slowly  or  rapidty 
cooling  them,  their  physical  constitution  may  sometimes 
be  changed  considerably.     By  very  slow  cooling  from  a 
high    temperature   some    bodies   are   rendered   soft   and 
tough,    while   they   become   hard   and   brittle   if  cooled 
rapidly.     Tool  steel  may  be  made  very  soft  and  pliable 
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by  heating  it  to  redness,  and  cooling  it  very  slowly  ;  but 
if  cooled  from  a  red  heat  by  plunging  it  into  water,  it 
becomes  sufficiently  hard  to  scratch  glass.  Steel  is  gener- 
ally tempered  by  first  hardening  it,  and  then  heating  it 
to  a -certain  temperature,  depending  on  the  degree  of 
hardness  required,  and  allowing  it  to  cool  rapidly  from 
this  temperature.  The  higher  the  temperature  to  which 
the  steel  is  raised  in  the  second  heating  (such  temperature 
being  kept  considerably  below  that  to  which  it  was  pre- 
viously raised  to  harden  it),  the  softer  is  the  steel.  If  a 
piece  of  steel  exposing  a  bright  and  clean  surface  be 
heated  in  air,  a  layer  of  oxide  is  formed  upon  it,  which 
exhibits  the  colours  of  thin  films.  The  thickness  of  this 
layer,  and  therefore  the  colour  presented,  depends  on  the 
temperature.  In  tempering  steel,  after  hardening  it  by 
heating  it  to  bright  redness  and  cooling  it  suddenly  in 
water,  a  small  portion  of  the  surface  is  made  bright,  and 
the  temperature  acquired  in  the  second  heating  is  deter- 
mined by  the  tint  exhibited.  At  about  220°  C.  a  faint 
straw-colour  begins  to  appear.  This  deepens  into  yellow 
at  about  245°  C.,  and  brown  at  260°  C.  As  the  tempera- 
ture is  increased,  the  brown  gradually  shades  off  into 
purple:  and  the  surface  becomes  blur  at  about  r5*2<r(.\ 
"The  edges  of  tools  for  cutting  metal  are  tempered  at  a 
straw-colour  ;  cutting- tools  for  wood,  knives,  etc.,  at  a 
brown ;  springs,  saws,  and  instruments  requiring  great 
flexibility,  at  a  purple  or  blue.  In  tempering  chisels, 
turning-tools,  etc.,  it  is  convenient  to  heat  the  end  remote 
from  the  edge,  allowing  the  heat  to  be  conducted  towards 
the  edge,  and  plunging  it  in  water  as  soon  as  the  edge 
reaches  the  proper  tint.  By  this  means  the  edge  becomes 
the  hardest  portion  of  the  instrument. 

239.  TJnannealed  Glass.  If  glass  be  rapidly  cooled 
from  a  high  temperature,  it  becomes  very  brittle,  and  the 
slightest  scratch  upon  its  surface  will  frequently  occasion 
its  fracture.  This  liability  to  fracture  is  in  great  part 
due  to  a  state  of  strain  developed  in  the  glass  through  the 
rapid  cooling.  Rupert's  drops  consist  of  pear-shaped  drops 
of  glass  which  are  allowed  to  fall  in  a  melted  state  into 
cold  water.  The  exterior  portion  thus  becomes  solidified, 
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while  the  interior  is  still  at  a  red  heat.  As  the  interior 
cools,  the  glass  tends  to  contract,  but  is  kept  stretched 
by  the  outer  envelope,  which  has  become  rigid.  If  the 
interior  be  disturbed  by  breaking  off  the  tail  of  the  drop, 
this  state  of  strain  is  relieved,  and  the  glass  crumbles  to 
powder  with  explosive  violence.  The  state  of  strain  into 
which  glass  is  thrown  by  rapid  cooling  is  made  manifest 
by  examining  it  with  polarised  light,  when  the  unannealed 
glass  produces  colours  like  thin  plates  of  mica  or  other 
doubly  refracting  crystals.  Glass  is  annealed  by  cooling 
it  very  slowly  in  an  annealing  oven. 

240.  Bologna  flasks  are  small  flasks  or  bottles  which 
are  allowed  to  cool  rapidly  after  having  been  blown.     By 
this  means  the  exterior  portions  become  solid  before  the 
interior  have  cooled  to  the  same  temperature,  and  as  the 
interior  portions  subsequently  harden  and  contract,  they 
are  thrown  into  a  state  of  tension  by  their  cohesion  to  the 
external  layers.     Such  flasks  will  stand  a  great  deal  of 
violence  so  long  as  the  interior  surface  is  not  scratched, 
but  the  slightest  scratch  by  a  grain  of  sand  on  the  inter- 
nal surface  causes  the  flask  to  fly  to  pieces.    Injury  to  the 
outside  of  the  flask  is  like  a  sawcut  made  in  the  upper 
surface  of  a  beam  supported  at  the  ends  and  loaded  in  the 
middle.     Injury  to  the  interior  is  like  a  cut  made  in  the 
lower  surface  of  the  same  beam,  and,  like  a  little  rift  on 
the  edge    of   a  piece  of   paper  under  tension,   not   only 
diminishes  the  available  section  of  the  material,  but  con- 
centrates the  tension  around  the  end  of  the  rift  and  leads 
to  inevitable  destruction.    The  exterior  layers  of  the  flask 
are  subject  to  pressure,  like  the  upper  layers  of  the  beam  : 
the"  interior   layers  to  tension.      The  strains   frequently 
produced  in  iron  castings  have  already  been  mentioned. 

241.  Copper  and  Lead.     Copper,  when  heated,  be- 
haves differently  from  steel,  since  it  is  rendered  soft  and 
malleable  by  heating  it  to  redness  and  cooling  it  suddenly 
in  water.      Continual   hammering   renders    copper   and 
brass  hard  and  brittle,  and  in  shaping  these  metals  under 
the  hammer  it  is  necessary  frequently  to  anneal  them  by 
heating  them  and  then  cooling   them  quickly.      If  the 
copper  be  required  hard,  in  order  to  resist  rubbing,  it  is 
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best  to  subject  it  to  the  hammer  after  it  has  been  heated 
for  the  last  time. 

Lead,  when  heated  to  between  100°  C.  and  200°  C.,  is 
softened  thereby  ;  and  in  making  sharp  bends  in  lead 
pipes,  it  is  desirable  to  warm  the  interior,  or  throat,  of 
the  bend  in  order  to  facilitate  the  compression  of  the  lead, 
and  prevent  the  excessive  extension  and  thinning  down 
of  the  metal  which  would  otherwise  take  place  on  the  out- 
side, or  heel,  of  the  bend,  where  the  greatest  thickness  is 
required,  if  the  bend  is  to  last  as  long  as  the  rest  of  the 
pipe.  If  lead  is  heated  to  a  temperature  much  above  this, 
it  is  hardened  and  rendered  brittle. 

242.  Temperature  and  Magnetism.    The  relations 
of  many  bodies  to  magnetism    and  electricity  undergo 
considerable   variation  as  their  temperature  is  changed. 
Thus,  steel  magnets  become  weaker  as  their  temperature 
is  raised,  but  if  the  range  through  which  they  are  heated 
be  only  a  few  degrees  from  ordinary  temperatures,  they 
very  nearly  recover  their  original  strength  on  cooling. 
If,  however,  a  steel  magnet  be  heated  to  redness,  it  com- 
pletely loses  its  magnetism,  and  does  not  recover  it  as  it 
cools. 

For  very  small  magnetising  forces,  the  permeability  of 
iron  increases  greatly  with  the  temperature,  but  rapidly 
falls  at  about  700°  C.,  becoming  no  greater  than  that  of 
the  air  at  about  760°  C.  For  very  great  magnetising 
forces  the  permeability  diminishes  steadily  as  the  tem- 
perature increases. 

243.  Electrical  Resistance.     Different  bodies  offer 
different  resistances  to  the  passage  of  an  electric  current 
through  them.     The  resistance  of  any  conductor  is  gener- 
ally expressed  in  terms  of  that  of  a  certain  standard  wire 
at  a  denned  temperature.     It  has  been  found  that  the 
resistance  of  all  bodies  which  conduct  electricity,  like 
metals,  without   themselves  undergoing  any  change,  is 
increased  by  increase  of  temperature ;    but  that  the  re- 
sistance of  bodies  in  which  the  passage  of  electricity  is 
accompanied  by  chemical  decomposition,  that  is,  of  electro- 
lytes, is   diminished  by  increase  of  temperature.     Glass 
belongs  to  the  latter  class  ;  and  if  two  pieces  of  metal  be 
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connected  with  the  electrodes  of  a  Holtz's  machine,  and 
united  by  a  few  inches  of  glass  rod,  when  the  glass  is  red 
hot  the  electricity  passes  quietly  through  it.  As  the 
glass  cools,  the  passage  of  the  electricity  is  accompanied 
by  a  beautiful  glow,  very  apparent  in  a  darkened  room, 
the  colour  of  the  light  depending  on  the  character  of  the 
glass  ;  but  long  before  the  glass  has  cooled  to  the  ordinary 
temperature,  the  electricity  ceases  to  pass  through  it  to 
any  sensible  extent,  and  prefers  to  make  its  way  as  a 
"  spark  "  through  the  air.  The  resistance  of  carbon  also 
diminishes  as  the  temperature  is  raised.  The  carbon 
filaments  of  glow  lamps  have  about  twice  as  much 
resistance  when  cold  as  when  hot.  •» 

244.  As  a  general  rule,  the  electric  resistance  of  pure 
metals  changes  more  for  a  given  change  of  temperature 
than  that  of  alloys.    It  has  been  found  that  the  resistance 
of  metals  increases  pretty  uniformly  with  the  temperature, 
and  this  property  has    been  utilized  for   the  purpose  of 
determining  the  temperature  of  furnaces.     The  electric 
pyrometer  consists  of  a  fine  coil  of  platinum  wire  con- 
nected to  terminals  whose  resistance  is  very  small  com- 
pared with  its  own.     This  coil  is  placed  in  the  interior 
of  the  furnace,  and  a  current  being  sent  through  it  its 
resistance  is  measured  in  the  usual  manner ;  and  its  re- 
sistance and  rate  of  increase  per  degree  at  ordinary  tem- 
peratures being  known,  the  temperature  to  which  it  is 
exposed  can  be  determined. 

245.  The  increase  of  the  electrical  resistance  of  iron 
with  rise  of  temperature  is  much  greater  than  that  of 
other  metals.     This  makes  iron  resistance  coils  of  especial 
value  in  order  to  steady  the  current  in  some  cases-of  elec- 
tric lighting.     For  instance,  in  the  case  of  an  arc  lamp 
in  which  the  length  of  the  arc  is  fixed,  if  the  current  in- 
crease the  temperature  will  rise,  and  this  will  occasion 
diminution  of  resistance,  tending  to  further  increase  of 
the  current,  so  that  the  arrangement  is  unstable  ;  and 
such  lamps  will  not  burn  in  parallel  circuit  without  special 
arrangements  for  controlling  the  current.     The  introduc- 
tion of  a  coil  of  fine  iron  wire  in  the  circuit  will  sometimes 
obviate  the  difficulty ;  and  although  it  involves  waste  ot 
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energy  in  heating  the  wire,  it  may  sometimes  be  economi- 
cal when  the  lamp  is  used  only  occasionally  or  in  tempo- 
rary installations.  If  the  current  increase,  the  resistance 
of  the  lamp  will  be  diminished  ;  but  it'  the  coil  of  iron 
wire  be  properly  constructed,  owing  to  increase  of  tem- 
perature the  resistance  of  the  wire  will  be  increased  more 
than  that  of  the  lamp  will  be  diminished,  and  the  resist- 
ance of  the  two  together  will  be  increased.  The  increase 
of  resistance  will  tend  to  reduce  the  current,  and  similarly 
if  the  current  should  fall  below  its  normal  value,  the 
resistance  of  the  current  will  diminish,  and  the  current 
will  tend  to  increase  again,  so  that  the  arrangement  is 
stable.  To  effect  the  same  adjustment  by  wires  of  any 
other  material  than  iron  would  necessitate  far  too  great 
a  resistanc3,  and  consequent  waste  of  energy  in  the  wire. 

246.  If  an  electric  current  be  sent  through  a  conductor, 
heat  is  produced,  the  amount  generated  per  second  being 
proportional  to  the  resistance  of  the  conductor,  and  to  the 
square  of  the  current  conjointly.    Hence  a  strong  current 
will  quickly  raise  to  a  white  heat  a  fine  platinum  wire 
whose  capacity  for  heat  is  small.     A  wire  which  can  be 
so  heated  is  very  convenient  for  many  purposes,  since  it 
may  be  placed  when  cold  in  positions  in  which  it  is  im- 
possible to  place  a  heated  body,  and  may  be  subsequently 
heated  when  required.     A  platinum  wTire  heated  to  red- 
ness by  a  current  from  a  battery  is  sometimes  emploj^ecl 
by  surgeons  for  cutting  and  cauterising. 

Incandescent  electric  lamps  consist  of  specially  prepared 
carbon  filaments  made  from  cotton,  bamboo  fibre,  or  other 
material,  which  are  placed  in  small  glass  globes  exhausted 
of  air  as  far  as  possible  by  mercury  pumps.  The  ends 
of  the  carbons  are  cemented,  electrotyped,  or  otherwise 
connected  to  platinum  wires  fixed  into  the  glass  and  ter- 
minating on  the  outside  in  loops  which  form  the  electrodes 
of  the  lamp.  When  an  electric  current  of  sufficient 
strength  is  sent  through  the  filament,  it  is  raised  to  a 
bright  white  heat. 

247.  Thermo -Electricity.     When  an  electric   cur- 
rent passes  from  one  metal  to  a  different  metal,  heat  is. 
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produced  or  absorbed  at  the  junction,  according  to  the 
direction  of  the  current  and  independently  of  the  resist- 
ance of  the  metals.  The  rate  at  which  heat  is  produced 
or  absorbed  in  this  action  is  simply  proportional  to  the 
current  and  not  to  its  square.  This  phenomenon  was 
first  noticed  by  Peltier,  and  is  known  as  the  Peltier  effect. 
It  may  be  readily  rendered  manifest  by  soldering  a  small 
bar  of  bismuth  and  one  of  antimony  together,  and  placing 
the  junction  within  the  bulb  of  an  air  thermometer.  If 
the  current  from  a  single  Grove's  cell  be  passed  through 
the  bar,  heat  will  be  produced  when  the  current  passes 
from  antimony  to  bismuth,  and  cold  when  it  passes  in 
the  opposite  direction.  Too  strong  a  battery  should  not 
be  used,  or  the  heat  due  to  the  simple  resistance  of  the 
metals  will  conceal  the  Peltier  effect. 

248.  If  two  different  metals  be  soldered  or  twisted 
together  at  each  end,  so  as  to  form  a  continuous  circuit, 
no  current  of  electricity  will  pass  round  it,  provided  that 
both  the  junctions  are  at  the  same  temperature ;  but  if 
one  junction  be  at  a  higher  temperature  than  the  other, 
a  current  will  generally  be  produced.  In  the  last  article 
we  stated  that  a  current  of  electricity  passing  from  one 
metal  to  another  generally  heats  or  cools  the  junction.  In 
the  case  here  contemplated  the  current  generally  passes 
in  such  direction  as  to  cool  the  hot  and  heat  the  cold 
junction,  thus  tending  to  equalise  the  temperature  of  the 
circuit.  It  is  clear  that  it  cannot  pass  in  the  other  direc- 
tion, as  in  that  case  a  current  once  started  in  a  circuit  of 
two  metals  originally  of  uniform  temperature  would  in- 
crease indefinitely,  heating  one  junction  and  cooling  the 
other  at  a  continually  increasing  rate. 

24-9.  In  the  following  list  the  metals  are  so  arranged 
that  if  any  two  of  them  be  connected  to  form  a  circuit  at 
ordinary  temperature,  one  junction  being  slightly  hotter 
than  the  other,  the  current  will  flow  across  the  hot  junc- 
tion from  the  metal  which  stands  higher  in  the  table  to 
the  other.  Thus,  if  the  metals  be  antimony  and  bismuth, 
the  current  will  flow  from  bismuth  to  antimony  across 
the  hot  junction.  If  they  be  copper  and  iron,  it  will  flow 
from  copper  to  iron  across  the  heated  junction  ;  and  if 
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they  be  bismuth  and  iron,  it  will  flow  from  the  bismuth 
to  the  iron  across  the  heated  junction. 

Thermo-electric  Arrangement  of  Metals. 

1.  Bismuth.  7.  Gold. 

2.  Mercury.  8.  Silver. 

3.  Lead.   '  9.  Zinc. 

4.  Tin.  10.  Iron. 

5.  Copper.  11.  Antimony. 

6.  Platinum. 

The  position  of  a  metal  upon  the  list  frequently  depends 
upon  its  purity  and  mechanical  condition. 

f\  250.  If  a  circuit  be  formed  of  copper  and  iron,  and  a 
galvanometer  be  introduced  by  cutting  the  copper  wire 
and  connecting  the  ends  with  the  electrodes  of  the 
galvanometer,  and  if  one  of  the  junctions  be  heated,  it 
will  be  seen  that  the  current  increases  until  a  temperature 
of  about  260°  C.  is  reached  ;  when,  on  heating  the  junc- 
tion still  more,  the  current  diminishes,  and  when  the  hot 
junction  is  as  much  above  260°  C.  as  the  cold  junction  is 
below  this  temperature,  the  current  ceases.  On  raising 
the  temperature  still  higher,  the  current  is  reversed  in 
direction,  and  we  have  thermo-electric  inversion,  the  cur- 
rent passing  from  iron  to  copper  across  the  hot  junction. 
The  temperature  at  the  hot  junction  when  the  current 
begins  to  diminish  is  called  the  neutral  temperature  of 
iron  and  copper.  Professor  Taif  has  shown  that  the 
electro-motive  force  in  a  thermo-electric  combination  of 
two  metals  is  proportional  to  the  product  of  the  difference 
-  of  temperature  of  the  junctions  and  the  difference  between 
the  mean  of  the  temperatures  of  the  junctions  and  the 

jx  neutral  temperature  of  the  two  metals.  Thus,  in  the  case 
of  copper  and  iron,  if  the  hot  junction  be  at  220°  C.  and 
the  cold  at  20°  C.,  the  electro-motive  force  is  proportional 
to 


(220-20)^260- 


or  200  x  140,  while  if  the  hot  junction  be  at  600°  and  the 
cold  at  40°  C.,  the  force  is  proportional  to 


(600-  40)  (260 
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or  to  560  x  ( -  60),  the  negative  sign  in  this  case  indicating 
that  the  direction  of  the  current  has  been  reversed. 

251.  If  one  junction  of  a  copper-ironKcourj!e  be  at  the 
neutral  temperature  and   the   other  junction   below  the 
neutral  temperature,  a  current  will  flow  in  the  circuit, 
the  cold  junction  will  be  heated,  but  the  hot  junction  will 
not   be  cooled,  as   at   the  neutral   temperature   the  two 
metals   behave   like  one.      The  heat  must  therefore  be 
absorbed  from  the  iron  or  copper  or  both.     This  was  pre- 
dicted by  Sir  William  Thomson,  who  found  experiment- 
ally that  when  heat  flows  from  cold  to  hot  in  copper,  or 
from  hot  to  cold  in  iron,  it  cools  the  metal,  and  heats  it 
when  it  flows  in  the  opposite  direction.     This  is  known  as 
the  Thomson_effect. 

252.  Thermo-electric    combinations    are    sometimes 
employed  for  determining  the  temperature  in  situations 
where  ordinary  thermometers  cannot  be  used.     Thus,  the 
temperature  at  the  bottom  of  the  sea  may  be  determined 
by  employing  long  wires  of  copper  and  iron  in  circuit 
with  a  galvanometer.     One  of  the  junctions  is  caused  to 
descend  to  the  sea  bottom,  and  the  other  placed  in  a  bath 
whose  temperature  is  adjusted  until  there  is  no  current 
through  the  galvanometer.     The  temperature  of  the  bath 
must  then  be  the  same  as  that  of  the  sea  bottom,  and  can 
be  read  by  an  ordinary  thermometer. 

253.  If  several  bars  of  bismuth  and  anti-      FIG.  34. 
mony  are  united,  as   in   the   figure,  and   the 
alternate  junctions  heated,  the  electro-motive 

force  in  the  circuit  is  the  sum  of  the  forces  due 
to  each  pair  of  consecutive  junctions,  and  by 
using  a  large  number  of  bars  a  very  sensitive 
instrument  may  be  constructed.  The  thermo- 
electric pile  consists  of  a  number  of  such  bars, 
sometimes  united  in  the  form  of  a  cube,  the  alter- 
nate junctions  being  on  opposite  faces.  If  the  extreme 
bars  are  connected  by  a  wire  passing  round  a  freely  sus- 
pended magnetic  needle,  any  difference  in  the  tempera- 
tures of  the  opposite  faces  of  the  cube  at  which  the  junc- 
tions are  situate,  produces  a  corresponding  deflection  of 
G.  H.  M 


FIG.  35. 
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the  needle,  the  pile  thus  acting  as 
a  very  delicate  differential  thermo- 
meter. One  of  the  faces  of  such  a 
pile  is  shown  in  Fig.  35. 

Various  forms  of  thermo-electric 
piles  have  been  constructed  in  order 
to  obtain  strong  electric  currents  for 
electrotyping,  electro-plating,  driv- 
ing electro-magnetic  engines,  and 
other  similar  purposes ;  but  in  all 
the  very  powerful  thermo-electric 
combinations  which  have  hitherto 
been  tried,  one  at  least  of  the  metals 
or  alloys  employed  is  very  brittle,  and  liable  to  crack 
through  rapid  changes  of  temperature  or  through  slight 
mechanical  violence,  and  unless  used  with  very  great  care 
they  are  soon  rendered  inefficient. 


CHAPTER  VIII. 

ON    THE    TRANSMISSION    OF    HEAT. 

254.  THERE  are  three  methods  generally  enumerated 
by  which  heat  may  be  transmitted  from  one  point  to 
another.  They  are, — 

I.  Conduction. 
II.  Convection. 

III.  Radiation. 

Heat  is  said  to  be  transmitted  by  conduction  when  it 
passes  from  hotter  to  colder  portions  of  the  same  body,  or 
from  a  hot  body  to  a  colder  body  in  contact  with  it :  the 
heat  in  this  case  being  transmitted  from  each  particle  of 
the  material  of  the  body  to  contiguous  particles  iii  direc- 
tions in  which  the  temperature  decreases.  A  familiar 
example  of  conduction  is  found  in  the  transmission  of 
heat  along  a  poker,  one  end  of  which  is  placed  in 'the  fire. 

Heat  is  transmitted  by  convection  when  the  material  body 
containing  the  heat  is  carried  from  one  point  to  another. 

Thus,  if  hot  water  is  carried  in  a  bucket  or  conveyed  in 
pipes  from  one  point  to  another,  the  heat  contained  in 
the  water  is  said  to  be  transmitted  by  convection. 

Heat  is  said  to  be  transmitted  by  radiation  when  it  passes 
from  one  point  to  another  irrespective  of  the  temperature  of 
the  medium  through  which  it  passes. 

Thus,  we  feel  the  sun's  rays  to  be  warm,  and  a  ther- 
mometer exposed  to  them  will  indicate  a  temperature 
considerably  above  0°C.,  though  the  air  through  which 
the  rays  pass  may  be  at  a  temperature  below  the  freez- 
ing point.  Bodies  which,  like  air,  allow  of  the  passage 
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of  radiation  through  them,  without  themselves  becoming 
heated,  are  called  Diathermanous  ;  while  bodies  which, 
like  the  metals,  do  not  possess  this  property,  are  called 
Adiathermanous. 

255.  This  last  mode  of  transmission  of  heat  differs 
from  the  two  preceding,  inasmuch  as  the  heat  does  not 
pass  from  one  point  to  another  as  heat,  but  is  converted 
into  another  form  of  energy,  which  is  only  reconverted 
into  heat  under  special  circumstances  ;  and  in  some  cases 
is  capable  of  causing  the  sensation  of  light  if  allowed  to 
enter  the  eye,  or  even  of  producing  a  photographic  picture 
on  a  properly  prepared  surface,  by  inducing  chemical  or 
molecular  changes  in   the   constitution  of   the   body  on 
which  it  falls.     The  transmission  of  heat  by  radiation  is 
therefore  a  case  of  double  transformation  of  energy,  and 
may  be  classed  with  several  other  ways  in  which  heat 
appears  to  be  communicated  from  one  place  to  another, 
though,  during  its  passage,  it  is  really  not  heat  at  all ;  as 
for  example,  when  some  of  the  heat  generated  in  the 
furnace  under  the  boiler  of  a  steam-engine  is  converted 
into  the  energy  of  motion  of  the  parts  of  the  machinery, 
and  partially  reconverted  into  heat  by  the  friction  of  the 
bearings,  etc. ;  or,  when  the  heat  applied  to  one  set  of 
junctions  in  the  thermo-electric  pile  is  converted  into  the 
energy  of  an  electric  current,  and  reconverted  into  heat 
at  the  opposite  set  of  junctions,  and  in  the  wire  through 
which  it  passes.     The  phrase  "  radiant  heat  "  is  therefore 
unscientific,  and  it  is  best  to    employ  the  term  radiant 
energy  instead. 

256.  Conduction  of  Heat.    In  the  distinctions  made 
in  the  last  article,  attention  is  drawn  to  the  fact  that 
when  heat  passes   by  conduction,  it   always  flows  from 
hotter  to  colder  portions  of  matter,  existing  always  as 
heat  in  the  particles  of  the  body  through  which  it  travels. 
Radiant  energy  moves  with  the  velocity  of  light,  and 
subject  to  the  same  laws  as  light  (see  Art.  232),  while  the 
same  beam  may  pass  through  various  bodies  differing  in 
temperature  to  any  extent  and  arranged  in  any  order. 
It  is  not  in  fact  taken  up  by  the  material  particles  of  the 
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bodies  through  which  it  passes,  but  is  supposed  to  consist 
of  transverse  vibrations  of  the  luminiferous  ether.  If  the 
material  particles  of  the  body  do  take  up  the  energy  of 
the  vibrations,  and  become  heated  thereby,  we  have  a 
case  of  absorption,  and  the  energy  so  taken  up  ceases  to 
be  transmitted  by  radiation. 

257.  If  we  enter  a  very  cold  room,  and  touch  various 
articles  in  the  room,  we  find  that  the  metal  articles  feel 
coldest  of  all,  and  of  these  we  may  notice  that  large  masses 
of  silver  or  copper  feel  especially  cold  to  the  touch,  while 
the  wooden  furniture  produces  the  sensation  of  cold  in  a 
less  degree,  and  the  hearth-rug  or  other  woollen  materials, 
hardly  seem  cold.    Now,  if  a  thermometer  be  brought  into 
contact  with  all  these  articles  in  succession,  it  will  register 
the  same  temperature,  the  reason  of  the  difference  to  the 
touch  being  that  the  metallic  bodies  transmit  heat  through 
their  own  masses,  and  so  take  it  away  from  the  hand, 
much  more  readily  than  wood,  and  wooden  articles  much 
more  readily  than  woollen  materials.     In  fact,  the  bodies 
which  feel  colder  than  others,  seem  so,  not  because  they 
are  at  lower  temperatures,  but  because  they  are  better 
conductors  of  heat.     In  high  latitudes,  where  the  cold  is 
very  intense,  contact  with  a  piece  of  metal  exposed  to 
the  weather  will  inflict  a  blister  on  the  hand. 

For  a  reason  similar  to  the  above,  in  the  hot  room  of  a 
Turkish  bath,  metallic  objects  feel  much  hotter  than 
others,  and  will  inflict  a  burn,  so  that  spectacles  with 
metal  frames  have  to  be  dispensed  with.  The  human 
body  is  prevented  from  being  unduly  heated  when  ex- 
posed to  a  high  temperature  by  the  evaporation  going  on 
from  its  surface. 

258.  From  what  we  have  just  said,  we  see  that  dif- 
ferent bodies  possess  different  powers  of  conducting  heat, 
or  different  thermal  conductivities. 

The  fact  that  there  is  a  difference  in  the  thermal  con- 
ductivity of  different  substances  may  be  readily  shown 
by  taking  three  teaspoons,  made  of  silver,  lead,  and  bone 
respectively,  and  placing  their  bowls  in  hot  tea.  The 
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handle  of  the  silver  spoon  soon  becomes  too  hot  to  touch 
without  inconvenience,  and  in  the  same  time  that  of  the 
leaden  spoon  becomes  hot,  but  less  so  than  the  former; 
while  the  handle  of  the  bone  spoon  is  only  slightly  heated. 
Silver  spoons  may  be  distinguished  from  those  made  of 
other  metals,  and  plated,  by  the  readiness  with  which  they 
transmit  the  heat  of  the  tea  to  the  hand.  It  is  on  account 
of  the  low  conductivity  of  such  substances  as  wood,  bone, 
glass,  etc.,  that  they  are  employed  as  handles  for  vessels 
containing  hot  bodies,  or  inserted  between  the  handles 
and  the  vessels  themselves.  The  value  of  blankets 
depends  upon  the  extremely  low  conducting  power  of 
woollen  materials,  and  a  blanket  will  serve  equally  to 
keep  a  warm  body  from  cooling  or  to  keep  ice  from 
melting.  The  low  conductivity  of  felt  is  utilized  in  the 
Norwegian  cooking  pot,  which  is  a  box  lined  with  many 
layers  of  felt.  The  saucepan  containing  the  food  is  first 
heated,  and  then  placed  in  the  box  and  shut  in,  when  it 
will  retain  for  a  long  while  a  temperature  sufficiently 
high  to  carry  on  the  operation  of  cooking. 

259.  The  measure  of  the  thermal  conductivity  of  a 
substance  will  be  defined  in  Art.  263.  The  relative  con- 
ductivities of  different  substances  may  be  compared  by 
means  of  the  arrangement  shown  in  Fig.  36,  and  known 

Fio.  86.  as       Ingenho^s 

apparatus.  This 
consists  of  a 
trough  AE  con- 
taining oil,  which 
can  be  heated  to 
a  high  tempera- 
ture. Equal  bars  of  the  solids  whose  thermal  conduc- 
tivities are  to  be  compared  are  taken,  and  one  end  of  each 
is  passed  through  one  side  of  the  vessel  A  B  into  the  oil. 
The  surface  of  each  bar  is  coated  with  a  thin  layer  of 
wax,  so  that  each  exposes  the  same  surface  to  the  air,  and 
will  therefore  cool  at  the  same  rate,  other  things  being 
the  same.  Now,  if  the  oil  be  heated  to,  say,  200°  C.,  and 
sustained  at  that  temperature,  the  bars  will  gradually 
become  hot,  and  the  heat  will  travel  towards  their  ex- 
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tremities,  which  are  distant  from  A  5,  the  wax  melting  at 
increasing  distances  along  each  bar.  After  a  time,  which 
will  be  different  for  the  different  bars,  it  will  be  found 
that  the  boundaries  between  the  melted  and  solid  wax  no 
longer  travel  towards  the  ends  of  the  bars,  but  remain 
stationary,  however  long  the  temperature  of  the  oil  may 
be  maintained.  The  temperature  of  every  point  of  the 
bar  then  remains  unaltered,  and  if  D  E,  Fig.  37,  represent 
the  bar,  and  S  any  point  upon  it,  this  will  be  the  case 
when  the  rate  of  decrease  F  37 

of  the  temperature  at  S  as  K 
we  go  towards  E  is  such 
that  the  flow  of  heat  across 
the  section  of  the  bar  at  S  * 
is  equal  to  the  rate  at  which 
heat  is  dissipated  by  the 
portion  of  the  bar  beyond 
S.  The  temperature  of  the  bar  will  decrease  in  going 
from  D  to  E,  at  a  rate  diminishing  as  the  distance  from 
D  increases.  If  at  every  point  of  the  bar  a  line  be  drawn 
at  right  angles  to  its  length,  and  proportional  to  the 
excess  of  the  temperature  of  the  bar  at  that  point  above 
that  of  the  air,  the  extremities  of  these  lines  will  lie  on  a 
curve  similar  to  KL.  Now,  the  wax  on  the  bars  will  be 
melted  to  distances  where  the  temperature  of  the  bars  is 
the  melting  point  of  wax,  and  it  may  be  shown  that  when 
the  wax  ceases  to  melt  any  farter,  if  all  the  bars  are 
of  the  same  section,  the  squares  of  these  distances  are 
proportional  to  the  thermal  conductivities  of  the  bars. 
Hence,  we  have  only  to  measure  from  the  vessel  of  oil 
the  distance  on  each  bar  along  which  the  wax  is  melted, 
in  order  to  compare  the  thermal  conductivities  of  the 
materials  of  which  the  bars  are  composed.  The  bars  are 
generally  inserted  into  small  tubes  which  pass  through 
the  oil  across  the  box,  and  are  soldered  to  each  side  of  the 
box,  so  that  the  tubes  are  surrounded  by  oil,  just  as  the 
tubes  in  a  locomotive  boiler  are  surrounded  by  water. 

260.  It  should  be  borne  in  mind  that  the  thermal 
conductivities  of  different  bars  cannot  be  determined  by 
heating  one  end  of  each  to  the  same  temperature,  and 
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observing  the  time  required  for  points  on  all  the  bars  at 
the  same  distance  from  the  heated  ends  to  be  raised  to  a 

fiven  temperature.  For  instance,  in  the  experiment  just 
escribed,  we  may  observe  the  time  required  for  the 
wax  to  be  melted  on  each  bar  at  a  distance  of  three  inches 
from  the  trough,  after  pouring  the  hot  oil  into  the  latter. 
We  cannot,  however,  in  this  way  compare  the  thermal 
conductivities  of  the  bars  because  their  capacities  for  heat 
per  unit  of  volume  may  be  different ;  thus,  of  two  bars  A 
and  jB,  A  may  have  the  greater  conductivity,  but  if  its 
capacity  for  heat  per  unit  of  volume  be  also  greater  than 
that  of  Bj  the  time  required  to  melt  the  wax  on  A  may  be 
greater  than  that  required  to  melt  it  on  B  to  the  same 
distance.  In  order  to  compare  the  thermal  conductivities, 
we  have  therefore  to  wait  until  the  temperature  of  any 
point  of  the  bars  has  ceased  to  change,  or  till  the  flow  of 
heat  has  become  u  steady,"  as  explained  in  Article  262. 

261.  The  statement  made  in  the  last  Article  can  be 
well  illustrated  by  simultaneously  placing  a  bar  of  iron 
and  a  bar  of  bismuth,  of  the  same  dimensions,  and  each 
about  1  in.  in  length,  upon  end  on  a  hot  copper  plate,  a 
small  piece  of  wax  or  paraffin  having  been  previously 
placed  on  the  upper  end  of  each  bar.  (Care  should  be 
taken  that  the  temperature  of  the  copper  is  insufficient  to 
melt  the  bismuth.)  If  the  bars  be  not  too  long,  and  the 
temperature  of  the  hot.  plate  be  sufficiently  high,  the  wax 
or  paraffin  upon  the  bismuth  bar  will  begin  to  melt  before 
that  upon  the  iron  bar,  but  the  rate  at  which  the  melting 
will  progress  after  it  has  commenced  will  be  much  greater 
on  the  iron  than  on  the  bismuth ;  so  that  if  the  quantity 
of  wax  or  paraffin  is  large,  that  on  the  iron  will  be  com- 
pletely melted  before  the  other.  Now,  the  thermal  con- 
ductivity of  iron  is  more  than  six  times  that  of  bismuth,  - 
yet  the  upper  end  of  the  bismuth  becomes  first  heated  to 
the  melting  point  of  wax  or  paraffin  because  the  specific 
heat  of  iron  is  nearly  four  times  that  of  bismuth ;  but 
after  that  the  iron  has  become  sufficiently  heated  to  com- 
mence the  fusion,  heat  is  conducted  along  it  much  more 
rapidly  than  along  the  bismuth. 

If  the  bars  be  of  considerable  length,  and  be  coated  all 
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over  with  paraffin,  it  will  be  seen  that  the  paraffin  will 
melt  at  first  more  quickly  on  the  bismuth  bar,  but  after 
it  has  melted  on  the  bismuth  bar  for  perhaps  an  inch, 
that  on  the  iron  bar  will  overtake  it;  and  finally,  the  wax 
on  the  iron  bar  will  be  melted  over  more  than  twice  the 
distance  of  that  on  the  bismuth  bar. 

The  thermal  conductivity,  divided  by  the  capacity  for 
heat  per  unit  volume,  determines  the  rate  of  transmission 
of  temperature  through  the  substance,  and  is  called  its 
thermal  diffusivity.  - 

262.  If  one  side  of  a  plate  of  metal  be  kept  in  contact 
with  water,  whose  temperature  is  sustained  at  100°  C., 
while  the  other  side  is  kept  in  contact  with  melting  ice, 
heat  will  flow  through  the  metal  by  conduction  from  the 
hot  to  the  cold  side,  and  after  a  short  time  the  metal  will 
acquire  its  permanent  condition  with  regard  to  tempera- 
ture under  these  circumstances.  When  this  is  the  case, 
the  flow  of  heat  through  the  metal  will  be  the  same  at  all 
parts,  and  continue  constant  so  long  as  the  temperature 
of  the  faces  is  kept  unaltered.  The  flow  is  then  said  to 
be  steady.  The  flow  of  heat  across  the  unit  of  area  of  any 
plate  of  given  material  is  found  to  vary  inversely  as  the 
thickness  of  the  plate,  and  directly  as  the  difference  between 
the  temperatures  of  the  two  faces.  Now, 
suppose  the  thick  plate  AB,  Fig.  38,  to 
be  made  up  of  a  number  of  thin  plates 
of  equal  thickness,  as  in  the  figure. 
Then,  when  the  flow  of  heat  is  steady, 
the  amount  of  heat  which  crosses  each 
of  the  thin  plates  in  a  second  is  the 
same,  and  therefore  the  difference  be- 
tween the  temperatures  of  the  opposite 
faces  must  be  the  same  for  each  plate, 
and  the  temperature  of  the  thick  plate  must  decrease 
uniformly  from  100°  C.  on  the  one  side  to  0°  C.  on  the 
other  side. 

If  we  take  two  plates  of  the  same  material  and  thick- 
ness, and  suppose  no  heat  to  escape  at  the  edges,  if 
one  side  of  each  be  kept  at  100°  C.  and  the  other  at  0°  C., 
the  amount  of  heat  which  will  flow  through  each  of 
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the  two  plates  in  a  given  time  will  be  obviously  propor- 
tional to  their  areas. 

263.  DBF.     The  number  of  units  of  heat  which  flow 
through  the  unit  of  area  of  a  plate  of  unit  thickness  in  the 
unit  of  time  when  the  flow  of  heat  is  steady,  the  difference  in 
the  temperatures  of  the  sides  of  the  plate  being  1°  6'.,  is  taken 
as  the  measure  of  the  thermal  conductivity  of  the  substance 
of  which  the  plate  is  composed,  and  is  called  its  sgecjjic- 
thei'ituil  conductivity. 

If  the  unit  of  length  be  one  inch,  and  the  unit  of  time 
one  second,  the  thermal  conductivity  of  a  substance  will 
be  measured  by  the  number  of  units  of  heat  which  flow 
in  one  second  across  each  square  inch  of  a  plate  whose 
thickness  is  one  inch  when  the  temperature  of  one  side  is 
kept  1°  C.  above  that  of  the  other.  If  the  difference  of 
temperature  be  10°  C.,  the  flow  of  heat  will  be  10  times 
this  amount,  and  so  on ;  while  if  the  thickness  of  the 
plate  be  increased  in  any  ratio,  the  flow  will  be  diminished 
in  the  same  ratio. 

264.  The  thermal  conductivities  of  some  bodies  have 
been  measured  by  determining   how  much  ice  can    be 
melted  in  a  given  time  through  a  plate  of  known  area 
and   thickness,  when  one  side  is  kept  in  contact  with 
boiling  water. 

This  method,  however,  leads  to  very  fallacious  results 
in  the  case  of  metals  and  other  good  conductors,  for  the 
heat  is  transmitted  through  the  substance  of  the  plate  far 
mjore  quickly  than  it  can  be  given  up  to  the  water.  The 
hot  water  on  the  one  side  gives  heat  to  the  metal,  and  the 
layer  of  water  in  contact  with  the  metal  becomes  cooled, 
while  the  heat  is  transmitted  so  rapidly  through  the 
metal,  that  this  layer  becomes  very  much  cooled  before  it 
can  get  away  and  be  replaced  by  hotter  water.  Similarly, 
on  the  other  side  of  the  plate  the  layer  of  water  close  to 
the  metal  becomes  heated,  and  receives  heat  so  fast  that 
its  temperature  is  raised  through  several  degrees  before 
the  heated  layer  gives  up  its  place  to  a  colder  one.  Hence 
the  water  actually  in  contact  with  the  hot  face  of  the 
metal,  and  therefore  the  hot  face  of  the  metal  itself,  will 
be  much  below  the  boiling  point,  while  the  water  in  con- 
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tact  with  the  cold  face,  and  therefore  also  the  cold  face 
itself,  will  be  much  above  the  freezing  point ;  so  that 
instead  of  a  difference  of  temperature  of  100°  C.  between 
the  faces  of  the  plate,  it  may  happen  that  this  difference 
is  only  3°  or  4°.  The  measure  of  the  conductivity  ob- 
tained will  therefore  be  far  too  small.  It  is  for  this 
reason  that  copper  fire-boxes  do  not  sensibly  increase 
the  evaporative  power  of  boilers.  With  bad  conduc- 
tors, however,  the  method  may  lead  to  fairly  accurate 
results. 

265.  Suppose  that  a  plate  of  wrought  iron  of  1  inch 
in  thickness  and  2  square  feet  in  area  is  placed  so  as  to 
form  a  division  between  water  on  the  one  side,  which  is 
kept  at  12°  C.,  and  melting  ice  on  the  other  side,  and 
suppose  that  at  the  end  of  an  hour  we  find  that  164 
pounds  of  ice  have  been  melted.  The  amount  of  heat 
required  to  melt  164  pounds  of  ice  at  0°  C.  is  about  12956 
units  : 

v  in  1  hour  through  288  sq.  ins.  of  the  plate,  when  the 
temperatures  of  its  sides  differ  by  12°  C.,  12956  units  of 
heat  flow ; 

Y  in  1  hour  through  288  sq.  ins.  of  the  plate,  when  the 
temperatures  of  its  sides  differ  by  1°  C.,  — ^  ?  units  of 

ia 

heat  will  flow ; 

Y  in  1  hour  through  1  sq.  in.  of  the  plate,  when  the 
temperatures  of  its  sides  differ  by  1°  C.,  — 5 — j  -^  units  of 

1  u  X 

heat  will  flow ; 

Y  in  1  second  through  1  sq.  in.  of  the  plate,  when  the 
temperatures  of  its  sides  differ  by  1"  C., 
units  of  heat  will  flow. 

The  measure  of  the  thermal  conductivity  of  wrought 
iron  referred  to  a  second  and  an  inch  as  units  of  time  and 
space,  the  unit  of  heat  being  taken,  as  usual,  to  be  the 
, amount  required  to  raise  1  Ib,  of  water  1°  C,  from  Oc  C., 
is  therefore 
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__  12956 
12x288x3600- 

Taking  a  centimetre  to  be  two-fifths  of  an  inch  and  a 
gramme  to  be  -0022  lb.,  and  remembering  that  a  cubic 
centimetre  will  offer  a  sectional  area  of  T*T  inch  for  the 
passage  of  the  heat,  while  its  thickness  is  f  inch,  it  follows 
that  the  absolute  conductivity  of  iron  referred  to  the 
second,  centimetre,  and  gramme  as  fundamental  units 
will  be 

•001  x± 

~i?~ 


266.  As  another  example,  we  may  find  how  much 
water  at  100°  C.  can  be  evaporated  per  hour  at  atmo- 
spheric pressure  in  an  iron  boiler  which  exposes  a  surface 
of  20  square  feet  to  the  fire,  supposing  the  iron  to  be 
^  inch  in  thickness  and  the  fire  to  keep  its  lower  surface 
at  a  temperature  of  150°  C. 

The  thermal  conductivity  of  iron  being  '001  referred  to 
an  inch  and  a  second,  it  follows  that  the  number  of  units 
of  heat  passing  through  the  iron  in  an  hour  will  be 

•001  x  2  x  144  x  20  x  3600  x  50, 

since  the  difference  of  temperature  of  its  sides  is  50°  C.  ; 
and  since  the  latent  heat  of  steam  is  represented  by  537, 
the  number  of  pounds  of  water  evaporated  will  be 

•ML  x  2  x  144  x  20  x  3600  x  50 

537  "i 

or  the  quantity  of  water  evaporated  per  hour  will  be 
about  193  gallons.  This  is  very  much  above  the  evapora- 
tive power  of  a  boiler  having  only  20  square  feet  of  heat- 
ing surface,  so  that  the  difference  of  temperature  between 
the  surfaces  of  the  plates  must  be  much  less  than  50°  C. 

"  267.  Conduction  of  Heat  through  Boiler  Plates. 
In  ordinary  practice  with  Lancashire  boilers,  the  amount 
of  water  evaporated  per  square  foot  of  heating  surface 
per  hour  is  not  more  than  6  or  7  Ibs.,  taking  the  average 
throughout  the  boiler.  Over  the  crown  of  the  furnace 
the  rate  of  evaporation  is  much  greater  than  this,  while 
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it  must  be  less  for  the  portion  of  the  shell  of  the  boiler 
which  is  exposed  to  the  furnace  gases  in  the  side  flues. 
This  corresponds  to  a  difference  of  temperature  between 
the  two  sides  of  the  plates  of  only  three  or  four  degrees 
for  a  half-inch  plate.  As  an  approximate  rule,  it  is  useful 
to  remember  that  for  a  boiler  plate  three-quarters  of  an 
inch  thick,  a  difference  of  temperature  of  one  degree 
between  its  surfaces  will  correspond  to  an  evaporation  of 
1  Ib.  of  water  per  square  foot  per  hour  from  the  boiling 
point.  If  the  plate  is  only  half  an  inch  thick,  the  rate  of 
evaporation  for  the  same  difference  of  temperature  be- 
tween the  surfaces  will,  of  course,  be  one  and  a  half  times 
this  amount ;  and  so  on. 

268.  We   may  suppose   that  in   a  Lancashire   boiler 
working  with  natural  draught  and  burning  about  20  Ibs. 
of  coal  per  square  foot  of  grate  surface,  the  average  dif- 
ference of  temperature  between  the  furnace  gases  on  the 
one  side  of  the  plates,  and  the  water  on  the  other  side, 
taken  throughout  the  boiler,  is  not  less  than  600°  C.,  and 
in  many  cases  it  is  much  higher.     If  the  average  thick- 
ness of  the  plates  be  five-eighths  of  an  inch,  and  the  rate 
of  evaporation  is  7  Ibs.  of  water  per  square  foot  per  hour, 
the  temperature  of  the  feed  water  being  50°  C.,  it  follows 
that  the  difference  of  temperature  between  the  surfaces 
of  the  plates  is  only  6°  C.,  or  one  per  cent,  of  the  average 
difference  of  temperature  between  the  furnace  gases  and 
the   water.     It   follows,  therefore,  that  ninety-nine  per 
cent,  of  the  resistance  which  the  heat  meets  with  in  pass- 
ing from  the  furnace  gases  into  the  water  lies  outside  the 
boiler  plates.     Doubling  the  thickness  of  the  plates  only 
changes  their  resistance  from  one  per  cent,  to  two  per 
cent,  of  the  total,  and  makes  very  little  difference  to  the 
efficiency  of  the  boiler.      Replacing  the  iron  plates  by 
copper  of  the  same  thickness  merely  changes  the  one  per 
cent,  into  one-sixth  per  cent.,  and  does  not  appreciably 
increase  the  efficiency. 

269.  Clement  attempted  to  measure  the  conductivity 
of  a  sheet  of  copper  between  two  and  three  millimeters 
thick,  by  exposing  one  side  to  the  action  of  steam,  while 
the  other  side  formed  one  of  the  boundaries  of  a  tank  of 
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cold  water,  the  rise  in  temperature  of  which  was  ob- 
served. The  result  gave  the  conductivity  of  copper  to  be 
•0057  C.  G.  S.  units,  or  only  one-half  per  cent,  of  its  true 
value.  Peclet  afterwards  found  that  by  stirring  the 
water  so  as  to  keep  up  a  vigorous  circulation,  about  thirty 
times  as  much  heat  passed  through  the  copper  plate ;  but 
this  was  still  less  than  one-sixth  of  the  amount  due  to  the 
conductivity  of  the  copper.  Peclet  obtained  "178  C.  G.  S. 
units  for  the  conductivity.  The  explanation  of  these 
results  is  given  in  the  preceding  article.  In  the  case  of 
the  steam  boiler,  the  principal  resistance  to  the  passage  of 
the  heat  lies  in  the  thin  layer  of  comparatively  cool  gases 
which  clings  to  the  iron  plates  and  moves  forward  only 
at  a  very  slow  rate,  while  the  gases  near  the  middle  of  the 
flues  possess  a  high  velocity,  which  becomes  less  and  less 
as  the  plates  are  approached,  and  is  practically  zero  at  the 
surfaces  of  the  plates.  The  resistance  of  air  is  about 
20,000  times  that  of  copper,  or  about  3500  times  that  of 
iron.  Hence  a  layer  of  air  '01  inch  in  thickness  will 
have  resistance  seventy  times  as  great  as  that  of  an  iron 
plate  half  an  inch  thick.  Another  source  of  resistance 
lies  in  the  layer  of  incrustation,  or  scale,  usually  deposited 
on  the  side  of  the  boiler  plates  and  tubes  in  contact  with 
the  water,  and  in  a  very  thin  layer  of  steam  formed  on 
the  surfaces  of  the  plates  when  they  are  free  from  such 
incrustation.  To  diminish  the  evil  effects  of  this  layer  of 
steam,  it  is  important  to  keep  up  as  vigorous  a  circulation 
of  the  water  as  possible,  so  that  it  may  wash  the  layer  of 
steam,  off  the  plates.  Hence,  any  contrivance  which  in- 
creases the  circulation  of  water  in  a  boiler  generally  adds 
to  its  efficiency. 

270.  As  the  resistance  to  the  transfer  of  the  heat  is 
mainly  due  to  the  surface  layers  of  furnace  gases,  or  steam, 
and  not  to  the  metal  plates  themselves,  it  follows  that  any 
arrangement  which  increases  the  area  of  the  surface  of 
metal  exposed  to  the  furnace  gases  or  to  the  water, 
though  it  may  not  increase  the  area  of  the  plates  across 
which  the  heat  has  to  be  conducted,  will  improve  the 
efficiency  of  the  boiler,  unless  there  is  already  a  sufficient 
amount  of  heating  surface  to  cool  down  the  furnace  gases 
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almost  to  the  temperature  FlG>  38A- 

of  the  water.  The  sur- 
face exposed  to  the  fur- 
nace gases  may  be  called 
the  collecting  surface,  and 
that  exposed  to  the  water 
the  distributing  surface. 
The  resistance  of  the  layer 
of  furnace  gases  above 
referred  to  will  be  dimin- 
ished in  proportion  as  the 
collecting  surface  is  in- 
creased, and  the  resistance 
of  the  layer  of  scale  or 
steam  will  be  diminished  in  proportion  as  the  distributing 
surface  is  increased.  An  arrangement  for  increasing  the 
collecting  surface  in  tubular  boilers  has  recently  been 
invented  in  France,  and  introduced  into  this  country  by 
Messrs.  John  Brown  &  Co.,  of  Sheffield.  It  is  known, 
after  the  inventor,  as  the  Serve  tube.  Boiler  tubes  of 
three  inches  internal  diameter  and  an  eighth  of  an  inch 
thick  are  provided  with  eight  longitudinal  ribs,  radiating 
inwards  for  about  three-quarters  of  an  inch,  and  extend- 
ing the  whole  length  of  the  tube.  The  cross  section 
resembles  a  wheel  with  eight  arms,  and  the  boss  and 
central  half  of  the  arms  removed.  These  tubes  expose 
to  the  furnace  gases  an  area  of  TT.  3  +  16  x  f ,  or  21 '42 
square  inches  per  inch  of  length,  instead  of  9 42  square 
inches  exposed  by  ordinary  three-inch  tubes.  The  col- 
lecting area  of  the  tubes  is  thus  more  than  doubled. 
The  official  trials  made  by  the  French  Admiralty  re- 
sulted in  showing  an  increased  efficiency  in  the  quantity 
of  steam  evaporated  per  pound  of  coal  consumed,  of  17 
per  cent,  with  natural  draught,  and  of  twenty  per  cent, 
with  forced  draught.  It  is  when  forced  draught  is 
employed,  and  there  is  a  greatly  increased  consumption 
of  coal,  that  the  heating  surfaces  of  boilers  are  most 
deficient,  and  it  is  under  these  circumstances  that  the 
increase  in  the  collecting  surface  due  to  the  employment 
of  the  Serve  tubes  is  likely  to  produce  the  greatest  increase 
in  efficiency.  There  are  some  practical  difficulties  in  in- 


176       CONDUCTION    OF    HEAT    THROUGH    BOILER    PLATES. 

creasing  the  distributing  surface  in  tubular  boilers  in  the 
same  way  as  the  collecting  surface  is  increased  by  the 
Serve  tube.  Any  ribs  or  gills  attached  to  the  tubes  or 

Elates  must  be  so  arranged  as  not  to  interfere  with  the 
:ee  escape  of  steam  from  the  surface,  or  with  the  circu- 
lation of  the  water  in  the  boiler.  Subject  to  these  con- 
ditions, there  is  little  doubt  that  an  increase  in  the 
distributing  surface  would  add  considerably  to  the 
efficiency  of  a  boiler.  It  should  be  noticed  that  in  the 
case  of  the  Serve  tube,  the  area  of  the  metal  across 
which  the  heat  has  to  be  conducted  is  not  increased, 
and  the  heat  collected  by  the  projecting  ribs  has  to  be 
conducted  through  a  considerable  distance  in  metal  of 
comparatively  small  transverse  section,  so  that  for  this 
portion  of  the  heat  the  resistance  of  the  metal  is  enor- 
mously increased  ;  but  as  it  is  considerably  less  than  one 
per  cent,  of  the  whole  resistance  in  the  case  of  the  thin 
smooth  tubes,  there  is  room  for  great  increase  without 
counterbalancing  the  advantage  gained  by  the  increased 
collecting  surface. 

271.  Mr.  Fletcher,  of  Warrington,  fixes  a  number  of 
copper  pins,  about  an  eighth  of  an  inch  in  diameter  and 
three-quarters  of  an  inch  in  length,  to  the  bottom  of 
copper  vessels  in  which  water  is  to  be  heated  by  means 
of  gas  flames.  The  pins  collect  the  heat  from  the  flames, 
and  fulfil  the  same  purpose  as  the  ribs  in  the  Serve 
tubes. 

It  is  sometimes  stated  that  when  brass  tubes  are  em- 
ployed in  marine  boilers,  it  is  necessary  to  provide  only 
two-thirds  of  the  amount  of  heating  surface  as  when  iron 
tubes  are  employed,  on  account  of  the  higher  conductivity 
of  brass.  If  brass  tubes  are  more  efficient  than  iron  or 
steel,  it  is  not  on  account  of  their  greater  conductivity, 
but  because  they  preserve  a  cleaner  surface.  The  best 
boiler  makers,  however,  use  the  same  quantity  of  tubes, 
whether  they  are  steel  or  brass. 

Some  recent  experiments  have  thrown  doubt  on  the 
conditions  under  which  conduction  takes  place  in  iron 
or  steel  boiler  plates,  very  anomalous  results  having  been 
obtained  with  plates  of  excessive  thickness.  To  clear  up 
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these  doubts  it  is  very  important  that  the  actual  tempera- 
ture of  the  plate  should  be  determined  at  different  points 
in  its  thickness,  especially  at  points  near  to  the  surface  of 
the  plate.  This  determination  is  one  of  extreme  difficulty, 
since  it  is  important  that  the  flow  of  heat  should  not 
be  sensibly  disturbed  by  the  introduction  of  the  ther- 
mometric  apparatus.  The  employment  of  specially  con- 
structed platinum  thermometers  or  thermo-electric  junc- 
tions buried  in  the  substance  of  the  plate  appears  to  offer 
the  greatest  chance  of  success.  The  investigation  is  one 
of  great  interest  to  the  boiler  maker. 

272.  Conduction  of  Heat  in  Crystals.     Most  sub- 
stances   conduct    heat    equally    well    in    all    directions 
through   their   mass,   but   some   crystals   and   organized 
structures  conduct  heat  more  readily  in  some  directions 
than  in  others.     Thus,  if  a  plate  be  cut  from  a  quartz 
crystal  parallel  to  its  axis,  covered  with  ™     oQ 

i-e     ^         i     i  11  •  xi  -b  IG.  d9. 

paraffin,   and  heated  by  a  wire  at  the      

centre,  the  paraffin  will  be  melted  within 
an  ellipse,  whose  major  axis  is  parallel  to 
the  axis  of  the  crystal,  as  shown  in  Fig. 
39.  This  is  due  to  the  thermal  conduc- 
tivity of  the  crystal  being  greater  in  the 
direction  of  its  axis  than  in  any  other  direction.  Paraffin 
is  preferable  to  wax  for  this  experiment,  because  it  does 
not  soften  so  much  as  wax  before  melting,  so  that  the 
boundary  between  the  solid  and  the  liquid  is  much  more 
distinct. 

If  the  plate  of  quartz  be  cut  perpendicularly  to  the 
axis  of  the  crystal,  the  paraffin  will  melt  in  a  circle,  show- 
ing that  the  thermal  conductivity  is  the  same  in  all 
directions  at  right  angles  to  the  axis  of  the  crystal. 

273.  Forbes'  Experiments.     In  order  to  compare 
the  thermal  conductivities  of  wrought  iron  at  different 
temperatures,  Principal  Forbes  employed  a  bar  about  10 
feet  in  length  and  If  ins.  square.     One  end  of  this  was 
inserted  into  a  crucible  of  lead,  which  was  kept  melted, 
great  care  being  taken  to  preserve  the  temperature  con- 
stant throughout  the  experiment.     The  rest  of  the  bar 
was  protected  from  the  radiation  of  the  lamp  and  crucible 
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by  means  of  a  double  screen.  A  number  of  small  holes 
were  drilled  at  intervals  along  the  upper  surface  of  the 
bar,  and  in  these  holes  were  placed  the  bulbs  of  small 
thermometers,  the  holes  being  filled  up  with  mercury. 
The  thermometers  served  to  determine  the  form  of  the 
temperature  curve  described  in  Art.  259.  Then,  knowing 
the  form  of  this  curve,  and  therefore  the  rate  of  change 
of  temperature  at  different  points  along  the  bar  when 
the  flow  of  heat  became  steady,  it  was  only  necessary  to 
determine  the  amount  of  heat  which  flowed  across  any 
section  of  the  bar  per  second,  in  order  to  know  the  con- 
ductivity of  iron  at  the  temperature  of  the  section. 
Now,  as  explained  in  Art.  257,  when  the  flow  of  heat 
is  steady,  the  amount  which  crosses  any  section  of  the 
bar  in  each  second  is  equal  to  the  amount  radiated  by 
the  portion  of  the  bar  between  that  section  and  the  cold 
extremity.  Thus,  referring  to  Fig.  37,  Art.  259,  the 
amount  of  heat  passing  the  section  of  the  bar  at  S  is 
equal  to  the  amount  radiated  in  the  same  time  by  the 
portion  SE  of  the  bar,  since  the  temperature  at  every 
point  of  the  bar  itself  remains  constant.  In  order  to 
determine  the  amount  radiated,  Principal  Forbes  em- 
ployed a  short  length  of  wrought  iron  bar  of  the  same 
section  as  the  experimental  bar,  and  having  heated  it  to 
the  temperature  of  the  hottest  part  of  the  experimental 
bar,  he  observed  the  rate  at  which  it  cooled  by  means  of 
a  thermometer  inserted  in  a  hole  drilled  in  the  bar. 
Knowing  the  specific  heat  of  iron  at  different  tempera- 
tures, the  rate  at  which  heat  escapes  by  radiation  from 
each  inch  of  the  bar  at  temperatures  varying  from  that 
of  the  room  to  that  of  the  hottest  portion  of  the  experi- 
mental bar  became  known ;  and  hence  the  amount  lost, 
per  second,  by  any  portion  of  the  experimental  bar, 
measured  from  the  cold  end,  could  be  determined.  This 
gave  the  flow  of  heat  across  any  section,  and  consequently 
the  absolute  conductivity,  since  the  rate  of  change  of 
temperature  was  known.  The  results  of  this  investiga- 
tion indicated  that  the  thermal  diffusivity  diminished  as 
the  temperature  increased,  changing  steadily  from  '01337 
foot-minute-degree  units  at  0°  C.  to  '00801  units  at  275°, 
the  unit  of  heat  being  taken  to  be  the  amount  of  heat 
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required  to  raise  the  temperature  of  one  cubic  foot  of 
iron  1°  C.  A  second  experiment  with  a  one-inch  bar 
gave  similar  results,  though  in  the  latter  case  the  differ- 
ence as  well  as  the  conductivity  itself  was  less. 

274.  By  a  method  similar  to  that  of  Principal  Forbes, 
but  employing  bars  of  different  metals,  Despretz  deter- 
mined  the    relative    thermal    conductivities   of    several 
metals,  and  Forbes'  apparatus  is  sometimes  called  after 
Despretz.     In  accurate  determinations  of  the  conductivity 
of   metals,  the   measurements   should   be   conducted  in 
vacuo,  as  air-currents  help  to  accelerate  uniform  distribu- 
tion of  temperature. 

275.  Wiedemann  and  Franz  improved  upon  Forbes' 
method  by  employing  thin  bars,  or  wires,  one  end  of  each 
of  which  was  heated  to  a  constant  temperature,  and  the 
variation  of  temperature  along  the  bar  was  determined 
by  placing  a  thermo-electric  junction  in  contact  with  the 
surface  of  the  metal.     This  avoided  the  errors  caused  by 
drilling  holes  in  the  bar,  as  in  the  experiments  of  Forbes 
and  Despretz,  though  the  errors  thus   occasioned    were 
exceedingly  small.     The  relative  thermal  conductivities 
of  some  metals,  as  determined  by  Wiedemann  and  Franz 
from  experiments  in  vacuo,  are  given  in  the  following 
table  :— 

Silver   .     .  10OQ  Iron  ....  101 

Copper.     .  74-8  Steel.     .     .     .  10-3 

Gold      .     .  54-8  Platinum    .     .  9-4 

Brass    .     .  24'0  Lead.     ...  7'9 

Tin  ...  15-4  Bismuth  (in  air)  1-8 

The  conductivity  of  copper  is  very  greatly  diminished 
by  small  quantities  of  impurities. 

Tait  has  repeated  Forbes'  experiments  with  great  care. 
He  has  also  found  that  the  thermal  conductivity  of  copper 
and  German  silver  improves  with  increase  of  temperature. 

276.  It  is  owing  to  the  high  conductivity  of  copper 
that  a  piece  of  copper  gauze  may  be  depressed  upon  a  gas 
flame  without  any  of  the  gas  which  passes  through  the 
gauze  igniting  above  it.     Similarly,   if   a   piece  of   fine 
copper  gauze  be  held  over  a  gas-jet,  and  the  gas  ignited 
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above  the  gauze,  the  flame  will  not  be  communicated  to 
the  gas  below.  In  the  gauze- burner  the  jet  of  gas 
mingles  with  the  air  as  it  escapes,  and  then,  passing 
through  a  sheet  of  gauze,  is  ignited  above  it.  The  Davy 
safety-lamp  consists  simply  of  a  gauze  cylinder,  in  the 
interior  of  which  the  oil  burns,  but  no  flame  can  be  com- 
municated to  any  inflammable  mixture  outside  the  gauze. 

277.  Absolute  Thermal  Conductivities.  The  abso- 
lute thermal  conductivities  of  a  few  substances  are  given 
in  the  following  table,  the  units  being  the  centimetre, 
gramme,  and  second  ;  that  is  to  say,  the  unit  of  conduc- 
tivity is  the  conductivity  of  a  substance  which  transmits 
the  amount  of  heat  required  to  raise  a  gramme  of  water 
from  0°  to  1°  C.  across  each  square  centimetre  of  a  plate  a 
centimetre  thick,  when  the  temperatures  of  its  faces  differ 
by  1°C.^  -^  }  vX  i- 

TABLE  OP  ABSOLUTE  THERMAL  CONDUCTIVITIES. 

Copper -91 

Iron 16 

Air,  Oxygen,  Nitrogen,  |  .(TO049 

and  Carbonic  Oxide  j 

Carbonic  Anhydride     .     .     .  '000038 

Hydrogen -00034 

"Water '002 

Fir,  across  fibre -00026 

Fir,  along  fibre -00047 

Underground  strata  (average)  '005. 

As  stated  above,  Tait  has  found  that  the  thermal  con- 
ductivity of  copper  improves  with  increase  of  tempera- 
ture. Tait  found  for  the  thermal  diffusivities  of 

Copper    .     .     -076  (1  +  -0004 1) 
Iron     .     .     .     -015  (1  - -00144  0, 

the  units  being  feet  and  minutes,  and  t  denoting  the 
temperature  on  the  centigrade  scale.  Taking  the  mass 
of  a  cubic  foot  of  copper  to  be  560  Ibs.,  and  its  specific 
heat  '095,  and  the  mass  of  a  cubic  foot  of  iron  to  be 
480  Ibs.,  and  its  specific  heat  -112,  T  ait's  results,  translated 
into  C.GKS.  units,  give  for 
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Copper     .     .     -992  (1  +  '0004 1) 
Iron    .     .     .     -196  (1  - -00144  *). 

It  must  be  remembered,  in  comparing  the  results  of 
different  experimenters,  that  very  slight  impurities  in 
metals,  or  differences  in  their  physical  conditions,  make 
very  great  differences  in  their  thermal  conductivities. 
T ait's  result  gives  606  units  of  heat  per  hour  for  the 
amount  conducted  across  a  square  foot  of  iron  plate  three- 
quarters  of  an  inch  in  thickness,  at  a  mean  temperature 
of  150°  C.,  with  a  difference  of  1°  C.  between  its  faces. 
This  corresponds  very  closely  with  the  statement  in 
Art.  267. 

278.  Convection  of  Heat.      Pure  copper  and  pure 
silver  are  the  best  conductors  of  heat  known.     Animal 
and  vegetable  substances  are  for  the  most  part  very  bad 
conductors.     Solids  are  in  general  very  much  better  con- 
ductors of  heat  than  liquids,  while  the  thermal  conduc- 
tivities of  gases  are  extremely  small.     Both  liquids  and 
gases   are   capable,    however,   of    readily   diffusing   heat 
throughout  their  masses,  since  the  extreme  mobility  of 
their  parts  makes  up  for  their  low  conducting  powers. 
Heat  is  therefore  generally  diffused  through  liquids  and 
gases  by  convection  assisting  conduction. 

279.  Convection   Currents.      It  is    a   well-known 
fact  that  there  is  an  upward  current  of  air  above  and 
around  a  gas-flame,  because  the  air  which  has  been  heated 
by  the  flame  is  less  dense  than  the  rest  of  the  air  in  the 
room.     For  a  similar  reason  there  is  a    draught  up   a 
chimney  when  a  fire  is  burning  below  it.     Now,  suppose 
a  gas-flame  burning  in  the  middle  of  a  room,  the  doors 
and  windows  of  which  are  closed.     There  will  then  be  an 
upward  current  of  hot  air  in  the  middle  of  the  room  above 
the  flame,  while  a  downward  current  must  exist  nearer 
the  walls  in  order  to  supply  the  place  of  the  ascending- 
air.     In  this  way  the  air  in  the  room  will  be  kept  in  cir- 
culation, and  heat  will  be  conveyed  from  the  gas-flame  to 
other  parts  of  the  room  by  convection.     The  currents  so 
set  up  are  sometimes  called  convection  currents. 
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FIG.  40. 
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280.  If  a  little  cochineal  be  thrown  into  a 
vessel  of  water,  and  heat  applied  at  the  bot- 
tom, the  water  will  be  seen  to  circulate,  an 
upward  current  being  formed  in  the  middle 
of  the  vessel  immediately  over  the  flame,  while 
downward  currents  exist  all  round  the  cir- 
cumference. In  this  way  all  the  water  is 
brought  in  turn  close  to  the  bottom  of  the  ves- 
sel, where  it  is  heated  by  conduction  through 
the  vessel  itself ;  while  the  heated  stream  of 
liquid  meeting,  during  its  ascent,  with  colder 
liquid,  parts  with  some  of  its  heat  to  the  latter 
by  conduction,  and  thus  by  a  combination 
of  the  processes  of  convection  and  conduction 
the  whole  of  the  liquid  becomes  heated. 

It  will  be  seen  from  the  above  that  the  rate  at  which 
a  mass  of  fluid  can  be  heated  by  a  source  of  heat  will 
depend  on  the  position  of  the  latter  relative  to  it,  and 
will  generally  be  greatest  when  the  heat  is  applied  at  the 
bottom  of  the  fluid. 

281.  Convection  currents  may  be  well  shown  with  the 
projection  lantern  by  placing  a  small  coil  of   platinum 
wire  at  the  bottom  of  a  glass  cell  which  is  filled  with 
water.     A  little  cochineal  or  other  colouring  matter  is 
placed  at  the  bottom  of  the  cell,  and  an  electric  current 
sent  through  the  platinum  wire  from  copper  terminals. 
The  convection  currents  will  then  be  sufficiently  apparent 
on  the  screen. 

282.  When  a  quantity  of  fluid  is  being  heated,  con- 
vection currents  serve  to  carry  the  hot  portions  of  the 
fluid  away  from  the  source  of  heat,  and  to  bring  the  colder 
portions  near  to  it,  and  also  to  mix  together  the  hot  and 
cold  portions  of  the  fluid  ;  but  the  ultimate  transfer  of  the 
heat  to  the  colder  portion  of  the  liquid  must  take  place 
by  conduction.     The  mixing  serves  to  bring  hot  and  cold 
portions  very  near  together,  and  also  causes  them  to  pre- 
sent an  immense  area  of  surface  of  contact  across  which 
the  heat  may  flow,  and  thus  in  two  ways  accelerates  the 
uniform  distribution  of  the  heat,  compensating  in  a  great 
measure  for  the  very  low  conducting  power  of  most  fluids. 
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283.  Conductivity  of  Liquids.     The  low  thermal 
conductivity  of  water  may  be  shown  by  placing  a  quantity 
of  ice-cold  water  in  a  test-tube,  and  fixing  a  block  of  ice 
at  the  bottom.     On  heating  the  tube  at  about  the  middle 
point  of  its  length,  as  shown  in  Fig.  41,  the  water  above 
this  point  will  be  quickly  heated  by  aid  of  convection  cur- 
rents, and  may  be  made  to  boil 

before  very  much  of  the  ice  is 
melted,  on  account  of  the  extreme 
slowness  with  which  heat  is  con- 
ducted downwards  to  the  ice,  in 
which  passage  it  is,  after  a  short 
time,  unaided  by  convection  cur- 
rents. 

The  extreme  slowness  with 
which  heat  is  conducted  through 
water  may  also  be  shown  by 
placing  a  differential  thermometer 
in  a  tall  glass  vessel  of  water, 
with  one  bulb  about  one  inch  below  the  surface,  and  the 
other  as  low  down  as  possible.  If  a  tin  vessel  containing 
water  near  its  boiling  point  be  held  with  its  bottom  just 
below  the  surface  of  the  water  in  the  glass  vessel,  a  long 
time  will  elapse  before  the  upper  bulb  of  the  thermometer 
becomes  sensibly  warmed. 

284.  Professor  Guthrie's  apparatus  for  determining  the 
thermal  conductivity  of  water  and  other  liquids  consisted 
of  two  cones  of  brass  with  platinum  bases.     Hot  "water 
was  made  to  circulate  through  the  upper  cone,  while  the 
lower  cone  served  as  the  bulb   of  an  air   thermometer. 
The  cones  were  placed   base  to  base,  so  that  the  lower 
cone  had  its  vertex  downwards.     In  the  first  instance,  the 
bases  of  the  cones  were  placed  in  contact,  and  the  rate  at 
which  the  temperature  rose  in  the  air  thermometer  was 
observed.     The  bases  of  the  cones  were  then  separated 
through  a  millimetre,  and  the  space  between  them  filled 
with  a  layer  of  the  liquid  to  be  tested.     The  variation  of 
temperature  of  the  lower  thermometer  was  again  observed, 
and  the  resistance  of  the  film  of  liquid  to  the  passage  of 
the  heat  was  deduced  from    a   comparison   of  the   two 
observations. 
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It  should  be  noticed  that  after  the  introduction  of  the 
liquid  a  sufficient  time  should  be  allowed  for  the  liquid 
itself  to  become  warmed,  otherwise  the  thermal  capacity 
of  the  liquid  will  affect  the  result.  As  the  temperature  of 
the  air  changes  in  the  lower  cone,  the  temperature  of  all 
but  the  top  layer  of  the  liquid  film  must  also  change  ;  so 
that  the  result  of  the  measurement  is  never  quite  free  from 
the  influence  of  the  capacity  for  heat  of  the  liquid. 

285.  Heating  by  Hot  Water  Circulation.     Let 
a  glass  tube  be  bent  so  as  to  form  a  rectangle,  and  the 
ends  united  so  that  it  may  be  possible  for  water  to  circu- 
late in  the  tube.     At  one  corner  let  an  opening  be  made 
and  a  small  piece  of  tube  sealed  into  the  opening  by  which 
water  may  be  poured  into  the  apparatus.     Now  let  the 
rectangle  be  supported  in   a    vertical   plane,    and   some 
coloured  water  be  poured  into  the  lower  part  of  the  tube, 
the  rest  of  the  tube  being  completely   filled   with   un- 
coloured  water.     If  the  flame  of  a  spirit-lamp  be  applied 
to  one  of  the  vertical  sides,  the  liquid  will  rise  in  this  side 
and  descend  in  the  other,  so  that  the  coloured  water  will 
presently  reach  the  top  of  the  tube,  then  pass  along  the 
top  branch  and  descend  on  the  other  side.    The  circulation 
will  continue  as   long  as  the  flame  is  applied,  and  after 
the  colouring  matter  has  become  uniformly  diffused,  the 
current  may  be  rendered  apparent  by  inserting  a  few  solid 
particles,  which  will  remain  suspended  in  the  water. 

286.  It  is  by  means  of  a  circulation  precisely  similar  to 
that  described  in  the  last  Article  that  houses  and  other  build- 
ings are  generally  heated  by 
hot  water.      The  glass  tube 
is  replaced  by  an  iron  pipe, 
a  coil  being  inserted  in  the 
circuit  wherever  it  is  desired 
to     expose    a     considerable 
heating  surface.     The  boiler 

generally  placed  in   the 
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lowest  situation  available. 
To  ensure  a  rapid  circulation 
it  is  essential  that  the  out- 
flow pipe  for  the  hot  water 
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should  leave  the  boiler  at  the  highest  point,  and  that 
the  return  should  enter  at  the  lowest  point  of  the  boiler. 
It  is  best  to  carry  the  outflow  pipe  vertically  upwards 
as  far  as  possible,  so  as  to  have  a  tall  vertical  column  of 
water  at  the  highest  temperature  of  the  circuit.  The 
heavier  water  in  the  cold  return  pipe  overbalances  the  hot 
column  in  the  boiler  and  flow  pipe,  thus  setting  up  and 
maintaining  the  circulation.  A  small  tank  is  generally 
inserted  at  the  highest  point  of  the  pipes,  and  connected 
with  a  feed  cistern  by  which  cold  water  is  supplied  to  the 
apparatus  when  necessary.  (Fig.  42.) 

287.  Suppose  that  the  highest  point  in  the  system  of 
pipes  is  30  feet  above  the  boiler,  and  that  the  temperature 
of  the  ascending  column  may  be  taken  to  be  90°  C.,  and 
that  of  the  descending  column  60°  C.  The  difference  in 
the  mean  density  of  the  columns  is  about  j)22.  The  force 
urging  the  circulation  is  equivalent  to  a  head  of  water  of 
8  inches.  It  is  an  experimental  result  in  hydraulics  that 
the  head  of  water,  balanced  by  the  friction  of  a  length  of 
iron  pipe  equal  to  33  times  its  diameter,  is  equal  to  the 
head  which  is  capable  of  producing  the  observed  velocity 
in  the  issuing  stream,  and  that  every  sharp  right-angled 
elbow  produces  the  same  resistance.  Suppose,  then,  that 
the  whole  system  is  equivalent  to  1,000  feet  of  three-inch 
pipe,  all  in  series.  Dividing  this  into  lengths,  each  33 
times  the  diameter,  we  obtain  124  lengths.  Dividing  the 
head  of  water  by  124,  we  obtain  "0645  in.  head  of  water, 
as  that  to  which  the  velocity  of  the  stream  must  be  due. 
Now,  the  velocity  due  to  a  fall  of  '0645  in.  is  '588  feet 
per  second.  The  velocity  of  the  stream  of  water  is  there- 
fore '588  feet  per  second,  corresponding  to  a  current  of 
649  gallons  per  hour  ;  and  if  the  difference  in  temperature 
of  the  water  on  leaving  and  entering  the  boiler  is  45°  C., 
this  corresponds  to  a  loss  of  heat  of  292,060  units  per  hour, 
which  is  the  amount  which  the  system  is  capable  of  com- 
municating to  the  air  of  the  building.  This  is  equivalent 
to  a  steam  heating  apparatus  condensing  nearly  500  Ibs. 
of  steam  per  hour,  and  returning  the  condensed  water  to 
the  boiler  at  a  temperature  of  50°  C.,  and  it  would  serve 
to  heat  997,248  cubic  feet  of  air  per  hour  from  0°  C.  to 
15°  C. 
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288.  Though  the  quantity  of  piping  has  been  assumed 
to  be  equivalent  in  resistance  to  1,000  feet  of  three-inch 
pipe  all  arranged  in  series,  it  is  not  probable  that  this 
would   be  the  actual  arrangement.     When  considerable 
heating  surface  is  required,  the  current  of  water  would 
probably  be  divided  between  three  or  four  pipes  arranged 
side  by  side,  in  which  case  the  resistance  would  be  nearly 
proportional  to  the  length  of  one  of  the  pipes  divided  by 
the  square  of  the  number  of  pipes.     If  a  narrower  pipe  is 
anywhere  employed  to  carry  the  whole  stream,  it  must  be 
borne  in  mind  that  the  resistance  of  a  given  length  varies 
approximately  inversely  as  the  fifth  power  of  the  diameter; 
so  that  a  single  foot  of  one-inch  pipe  will  introduce  as 
much  resistance  as  243  feet  of  three-inch  pipe. 

289.  The  amount  of  heat  given  out  by  one  square  foot 
of  a  black  metallic  surface  exposed  to  air  is  about  1*91 
units  per  hour  for  each  degree  by  which  its  temperature 
exceeds  that  of  the  air,  but  increases  in  a  higher  ratio  when 
the  difference  of  temperature  is  considerable.    Taking  the 
average  temperature  of  the  pipes  to  be  55°  C.  above  that 
of  the  air,  the  loss  of  heat  from  each  square  foot  of  sur- 
face would  amount  to  105  units,  provided  the  pipe  were 
freely  exposed  to  the  air  all  round.     In  order,  therefore, 
that  292,050  units  of  heat  may  be  given  out  per  hour,  it 
is  necessary  that  the  surface  of  the  pipe  should  amount  to 
2,782  square  feet,  and  allowing  for  the  fact  that  in  any 
ordinary  arrangement  the  whole  of  the  radiating  surface 
is  not  freely  exposed  all  round,  it  will  be  necessary  to 
employ  an  actual  surface  exceeding  4,000  square  feet,  or, 
say,  6,000  feet  of  three-inch  pipe.     Hence  the  necessity 
for  arranging  some  of  the  pipes  side  by  side,  in  order  to 
secure  effective  heating. 

If  the  same  amount  of  heat  is  required,  and  it  is  not 
possible  to  secure  the  same  rise  in  the  flow  pipe,  the 
resistance  of  the  system  must  be  reduced  by  the  employ- 
ment of  larger  pipes. 

290.  Under  ordinary  circumstances  it  is  desirable  that 
as  little  water  as  possible  should  be  drawn  from  a  boiler  or 
pipes  employed  in  heating  a  building,  for  every  addition 
of   cold    water    generally  brings  with    it  a   considerable 
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amount  of  lime,  salts,  or  other  solid  matters  in  solution, 
and  these  are  deposited  in  the  boiler  and  tubes  when  the 
water  is  heated.  It  is  a  great  mistake  to  use  a  hot  water 
heating  apparatus  as  a  source  of  hot  water,  except  where 
the  ordinary  water  supply  is  particularly  pure. 

291.  Maximum  Density  of  Water.  Convection 
currents  were  employed  by  Dr.  Joule  in  order  to  deter- 
mine the  temperature  at  which  the  density  of  water  is  a 
maximum.  Two  vessels,  4  ft.  6  in.  in  height,  and  6  in. 
in  diameter,  were  placed  side  by  side  and  connected  near 
their  bases  by  a  tube  with  a  stop-cock,  while  an  open 
trough  served  to  connect  them  near  their  upper  edges,  a 
small  piece  being  cut  from  the  side  of  each.  The  vessels 
were  filled  with  water,  and  a  small  glass  bead  made  to 
float  in  the  connecting  trough  at  the  top.  The  tempera- 
ture of  the  water  in  each  was  adjusted  with  the  stop- 
cock closed.  Then,  on  opening  the  cock,  the  water 
flowed  through  the  trough,  carrying  the  bead  with  it 
towards  the  vessel  in  which  the  density  was  greatest.  If 
there  were  no  current,  the  temperature  of  the  vessels 
being  different,  one  was  above  and  the  other  below  the 
temperature  corresponding  to  maximum  density  ;  and  by 
finding  a  number  of  pairs  of  temperatures,  for  which 
there  was  no  convection  current,  Joule  concluded  that 
the  temperature  corresponding  to  maximum  density  was 
about  391°  F. 
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CHAPTEE  IX. 

ON    RADIANT    ENERGY. 

292.  IF  we  heat  one  end  of  a  poker  in  the  fire,  but  not 
to  redness,  and  then  hold  it  near  the  face,  a  sensation  of 
heat  is  at  once  felt,  and  we  infer  that  some  thing  or  some 
influence  has  passed  from  the  poker  to  the  face  across  the 
intervening  air.  If  we  now  replace  the  poker  in  the  fire 
and  heat  it  to  very  dull  redness,  the  same  sensation  is 
felt  on  bringing  it  to  the  same  distance  from  the  face,  but 
in  a  stronger  degree.  If  we  now  hold  the  poker  in  front 
of  a  black  screen,  and  look  at  the  heated  end  through  a 
prism,  whose  edge  is  parallel  to  the  length  of  the  poker, 
we  see  a  dull  red  band  slightly  wider  than  the  poker 
itself.  If  the  edge  of  the  prism  be  towards  the  left  hand, 
the  poker,  when  viewed  through  the  prism,  will  appear 
more  to  the  left  than  its  true  position.  On  heating  it  still 
further,  till  it  attains  a  bright  red  heat,  and  again  inspect- 
ing it  through  the  prism,  the  red  band  will  appear 
broader  and  brighter,  and  shade  off  into  orange  towards 
the  left.  On  raising  the  temperature  of  the  poker  still 
more,  the  red  and  orange  become  brighter,  while  yellow, 
green,  blue,  and  violet  bands,  gradually  shading  into  each 
other,  are  successively  added  towards  the  left.  When  the 
violet  has  made  its  appearance,  the  poker  will  have 
attained  a  white  heat,  and  no  more  tints  visible  to  the  eye 
will  be  added  by  further  increasing  the  temperature, 
though  the  brightness  of  those  already  existing  will  be 
increased  by  this  means.  If  the  poker,  at  an  intense 
white  heat,  be  placed  at  a  considerable  distance  in  front 
of  paper  prepared  with  silver  salts  for  receiving  photo- 
graphic images,  it  will  be  found  capable  of  blackening  it, 
which  will  not  be  the  case  when  the  poker  is  red  hot. 
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The  influence  proceeding  from  the  poker  which  pro- 
duces the  sensation  of  heat  on  the  skin,  or  of  light  in  the 
eye,  or  which  is  capable  of  blackening  photographic 
paper,  is  called  the  radiation  from  the  poker.  As  such 
radiation  is  capable  of  doing  work,  it  is  frequently  called 
radiant  energy. 

293.     The  Spectrum.     Now  let  the  following  experi- 
ment   be    performed :     A  FIG  43 
mass  B  (Fig.  43)  of  wrought 
iron    or     of    platinum    is 

heated   to   intense   white-  s 

ness,  and  placed  behind  a 
double  screen  $,  in  which 
a  narrow  slit  is  cut,  and 
a  glass  prism  is  placed  in 
front  of  the  screen  with  its 
edge  parallel  to  the  length 
of  the  slit.  A  coloured  band 
RV  will  then  appear  upon 
a  white  screen  placed  in 
front  of  the  prism,  the  end  R  towards  the  edge  of  the 
prism  being  red,  and  this  will  be  succeeded  by  orange, 
yellow,  green,  blue,  and  violet  towards  the  end  V.  If  now 
a  thermo-electric  pile  be  moved  from  point  to  point  of  the 
coloured  band,  or  light  spectrum,  the  galvanometer  con- 
nected with  it  will  indicate  that  the  face  turned  towards 
the  prism  is  heated,  and  this  will  be  the  case  even  beyond 
the  end  R.  If  in  like  manner  photographic  paper  pre- 
pared with  silver  salts  be  placed  at  different  parts  of  the 
spectrum,  it  will  be  blackened  only  in  the  blue  and  violet 
spaces,  and  in  the  space  VC  beyond  the  extreme  violet. 
Let  these  observations  be  continued  while  the  mass  of 
metal  cools.  We  observe,  first  of  all,  that  photographic 
paper  made  to  pass  across  the  spectrum  between  V  and  C 
is  gradually  less  and  less  blackened,  till  at  last  it  is  quite 
unaffected,  while  the  intensity  of  the  light  spectrum 
gradually  diminishes.  The  light  at  the  extreme  end  of 
the  violet  then  vanishes  completely,  and  presently  the 
whole  of  the  violet  is  gone,  the  blue  follows,  then  the 
green,  and  so  on ;  while  the  galvanometer  registers  a 
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gradual  diminution  in  intensity  in  the  radiation  at  the 
red  end  of  the  spectrum  and  in  the  parts  beyond  the  red. 
Before  all  the  light  spectrum  has  vanished  let  the  glass 
prism  be  replaced  by  a  prism  of  .cock  salt.  The  galvano- 
— -meter  will  immediately  indicate  a  great  increase  in  the 
intensity  of  the  radiation  falling  on  the  thermo-electric 
pile  placed  beyond  the  red  end  of  the  spectrum,  and  will 
also  indicate  the  presence  of  rays  at  much  greater  dis- 
tances beyond  the  red  than  were  indicated  when  the 
glass  prism  was  used.  As  the  metal  B  continues  to  cool, 
the  green,  yellow,  and  orange  lights  vanish  in  succession ; 
and  at  last,  when  the  metal  is  reduced  below  a  red  heat, 
the  last  trace  of  red  vanishes.  The  galvanometer,  how- 
ever, continues  to  indicate  the  presence  of  radiation  be- 
yond the  red  end  of  the  spectrum,  though  it  now  gives 
no  indication  of  heat  when  the  thermo-electric  pile  is 
placed  in  what  was  the  illuminated  portion  of  the  spec- 
trum, showing  that  when  the  light  vanished  the  rays 
capable  of  heating  the  junctions  in  the  thermo-electric 
pile  vanished  with  it.  As  the  mass  of  metal  becomes 
cooler  we  have  to  move  the  thermo-electric  pile  still 
farther  from  the  red  end  of  the  original  spectrum  in  order 
to  get  indications  of  radiation,  and  at  length  the  metal 
becomes  too  cold  to  produce  any  sensible  effect  on  the 
pile  wherever  placed. 

This  experiment  may  be  modified,  so  as  to  be  more 
easily  performed,  by  substituting  an  electric  light  for  the 
white-hot  metal,  and  an  oil-lamp  for  the  metal  when  at  a 
bright  yellow  heat,  a  piece  of  metal  being  conveniently 
employed  for  lower  temperatures  ;  but  this  interferes  with 
the  continuity  of  the  results.* 

294.  In  the  solar  spectrum  the  greatest  intensity  of  the 
radiation,  as  measured  by  the  thermo-electric  pile,  is  a 
little  beyond  the  extreme  red,  while  the  greatest  amount 

*  Instead  of  using  a  double  screen,  as  shown  in  the  figure,  it  is 
much  better  to  employ  a  thin  screen,  and  to  place  a  lens  of  the  same 
material  as  the  prism  between  the  latter  and  the  slit,  in  such  a 
position  that  the  slit  is  in  its  principal  focus,  a  second  lens  of  the 
same  material  being  placed  very  close  to  the  prism  on  the  other 
side  of  such  focal  length  that  the  second  screen  passes  through  its 
principal  focus. 
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of  radiation  capable  of  affecting  photographic  paper  pre- 
pared with  silver  chloride,  is  just  beyond  the  extreme  violet 
end  of  the  luminous  spectrum. 

Different  silver  salts  are  most  sensitive  to  rays  in  dif- 
ferent parts  of  the  spectrum,  so  that  the  rays  which  act 
most  powerfully  on  silver  bromide  are  not  identical  with 
those  which  act  most  powerfully  on  the  chloride  or  iodide. 
Other  metallic  salts  again  are  sensitive  to  rays  in  very 
different  parts  of  the  spectrum,  certain  iron  salts  being 
most  sensitive  to  rays  which  lie  beyond  the  extreme  red  ; 
so  that  it  is  only  for  particular  compounds  that  the  violet, 
or  ultra-violet  rays  are  the  most  "actinic."  For  other 
compounds  other  rays  are  "  actinic,"  and  the  distinction 
of  heating,  luminous,  and  actinic  rays  is  entirely  without 
foundation  except  in  the  case  of  luminous  rays,  and  here 
the  distinction  is  subjective  rather  than  objective,  and 
depends  on  the  particular  eye. 

295.  From  the   experiments  just  described,  we  learn 
that  a  solid  body,  when  heated   below  redness,  emits  rays 
capable  only  of  producing  heat  in  bodies  on  which  they 
fall,  while  at  higher  temperatures  it  emits  rays  capable 
of  producing  the  sensations  of  red,  orange,  yellow,  green, 
blue,  and  violet  light,  while  the  intensity  of  the  heat- 
producing  rays  is  increased.    At  still  higher  temperatures 
it   also  emits   rays   capable   of    producing   photographic 
pictures  with  silver  salts,  and  of  developing  heat,  but  not 
causing  the  sensation  of  light. 

From  this  experiment  we  also  infer  that  the  same  rays 
which  produce  the  sensation  of  light  in  the  eye,  produce 
heat  when  allowed  to  fall  upon  other  bodies,  and  hence 
we  can  make  no  distinction  between  light  and  what  has 
been  erroneously  called  radiant  heat.  The  same  is  true 
of  the  ultra-violet  radiation,  though  the  energy  of  these 
rays  is  generally  too  feeble  to  produce  much  current  in 
the  thermo-electric  pile. 

296.  Nature  of  Radiant  Energy.      If  it  be  true 
that  some  of  the  rays  which  produce  the  sensation  of  heat 
are  identical  with  those  of  light,  since  we  cannot  suppose 
that  these  rays  essentially  differ  in  kind  from  the  other 
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rays  which  produce  the  sensation  of  heat,  but  not  that  of 
light,  we  must  conclude  that  the  whole  of  the  radiation 
which  produces  heat  in  bodies  absorbing  it  is  of  the  same 
nature  as  light,  and  therefore  consists  of  vibrations  of  the 
luminiferous  ether,  and  from  the  distribution  of  these 
rays  over  the  luminous  and  non-luminous  portions  of  the 
spectrum,  we  are  led  to  infer  that  the  dark  rays  differ 
from  one  another,  and  from  the  luminous  rays,  in  exactly 
the  same  way  as  the  latter  differ  among  themselves,  that 
is,  in  wave-length ;  and  that  as  the  wave-lengths  of  the 
rays  continue  to  increase  as  we  pass  along  the  spectrum 
from  violet  to  red,  so  this  increase  continues  beyond  the 
red  end.  Hence,  bodies  at  a  low  temperature  give  out 
only  those  rays  whose  wave-lengths  are  very  long  com- 
pared with  the  length  of  a  wave  of  light  of  any  particu- 
lar colour.  Of  the  identity  of  the  nature  of  calorific 
radiation  and  light  we  shall  meet  with  further  evidence 
shortly. 

297.  Laws  of  Reflection.  Again,  if  it  be  true  that 
all  the  rays  which  are  capable  of  producing  heat  are  of 
the  same  nature  as  light,  we  should  expect  that  they  would 
be  subject  to  the  same  laws  of  reflection  and  refraction. 
In  the  experiments  just  described,  we  have  demonstrated 
the  refraction  of  the  dark  rays  by  a  prism.  The  reflec- 
tion of  these  rays  may  be 
shown  thus  : — Take  a  con- 
cave mirror  AB  (Fig.  44), 
and  place  at  Q  a  small  source 
of  light ;  then  the  point  #, 
at  which  the  image  of  Q  is 
formed  by  the  mirror,  can 
be  readily  determined.  Now 
replace  the  luminous  body 
at  Q  by  a  piece  of  metal 
heated  just  below  redness, 
and  place  at  q  a  delicate 
thermometer  with  a  blackened  bulb,  or  a  thermo-electric 
junction  connected  with  a  galvanometer.  The  latter 
will  immediately  indicate  a  high  temperature  ;  but  if  it  be 
moved  from  q  to  any  other  point  at  the  same  distance 
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from  Q,  no  such  effect  will  be  produced,  showing  that  the 
dark  radiation  from  Q,  which  falls  on  the  mirror,  is 
brought  to  a  focus  at  g,  and  that  therefore  these  rays  are 
subject  to  the  same  laws  of  reflection  as  those  of  light. 

298.  If  two  parabolic  mirrors  be  placed  opposite  to  one 
another,  so  as  to  have  the  same  axis,  as  in  Fig.  45,  and 
the  hot  body  be  placed  at  Q,  the  focus  of  one  mirror,  while 
the  thermometer  is  placed  at  g,  the  focus  of  the  second, 
the  distance  between  the  mirrors  may  be  very  greatly 
increased  without  much  diminishing  the  indication  of 
heat  by  the  thermometer.  This  follows  from  the  fact 
that  the  rays  pass  from  one  mirror  to  the  other  without 
sensibty  heating  the  air ;  and,  being  all  nearly  parallel  in 
their  passage  (if  the  body  at  q  be  small),  nearly  all  the 
rays  leaving  the  first  mirror  must  fall  on  the  second. 

FIG.  45. 
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If  a  luminous  body,  such  as  an  oxy-hydrogen  light,  be 
placed  at  Q,  and  a  quantity  of  finely  powdered  chalk  or 
lime  scattered  through  the  air,  the  course  of  the  light 
between  the  mirrors,  and  its  accumulation  in  the  neigh- 
bourhood of  g,  will  be  distinctly  visible.  The  same 
applies  in  the  case  of  the  lens  mentioned  below  (Art.  306). 

299.  The  preceding  experiments  prove  that  the  laws 
of  reflection  for  other  rays  are  the  same  as  those  for  light, 
viz. : — 

(1)  The  incident  and  reflected  rays  are  in  one  plane 
with  the  normal  to  the  reflecting  surface  at  the  point  of  in- 
cidence, and  on  opposite  sides  of  it. 

(2)  The  incident  and  reflected  rays  make  equal  angles 
G.  H.  o 
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with  the  normal  to  the    reflecting  surface  at  the  point  of 
incidence. 

300.  Relation   between  Emission  and  Absorp- 
tion.    In  the  experiment  described  in  Art.  293,  we  found 
that  on  substituting  rock-salt  prism  for  the  glass  prism, 
the  galvanometer  indicated  an  increase  in  the  radiation 
falling  on  the  pile  when  placed  beyond  the  red  end  of  the 
spectrum.     If  similar  pieces  of  polished  glass  and  rock- 
salt  be  exposed  to  the   same  radiation,  especially  if  the 
greater  part  of  it  consist  of  dark  rays  (as  is  usually  the 
case),  the  glass  will  become  more  highly  heated  than  the 
rock-salt.      From  these  two  observations  we  infer  that 
glass  absorbs  much  of  the  dark  radiation  which  rock-salt 
transmits,  the  glass  being  thereby  heated.    This  is  equiva- 
lent to  saying  that  rock-salt  is  more  diathermanous  than 
glass,  although  its  power  of  transmitting  luminous  rays,  or 
its  transparency,  is  no  greater  then  that  of  glass.      All 
bodies  absorb  some  of  the  rays  incident  upon  them,  that 
is,  are  opaque  (or  adiathermanous)  to  rays  of  certain  wave 
lengths.     Metals  are  almost  perfectly  opaque  to  all  rays. 
(Gold  in  exceedingly  thin  leaves  transmits  green  light,  and 
silver  blue  light.)    All  bodies  absorb  the  same  kind  of  rays 
which  they  themselves  emit  when  heated.     This  accounts  for 
the  dark  lines  in  the  solar  spectrum,  and  is  the  basis  of 
solar  and  stellar  chemistry.     Thus  sodium  vapour  absorbs 
the  yellow  rays  corresponding  to  the  double   D   line  of 
the  solar  spectrum,  and  emits  only  these  luminous  rays 
when  incandescent,  so  that  it  is  impossible  to  make  sodium 
vapour  white-hot. 

301.  When  a  gas  or  vapour  emits  the  same  kind  of 
light  at  very  high  temperatures  and  at  comparatively  low 
ones,  it  is  possible  to  reverse  its  spectrum  by  causing  the 
light  from  the  electric  arc-  to  pass  through  a  Bunsen  name 
containing  the  substance  in  question.     Black  lines  will 
then  appear  corresponding  exactly  to  the  bright  lines  which 
are  visible  when  the  Bunsen  flame  is  removed  and  a  small 
quantity  of  the  substance  placed  in  the  electric  arc.     (The 
lines  of  course  are  not  absolutely  black,  being  illuminated 
by  the  light  from  the  gas  flame,  but  they  appear  black  by 
contrast.)     If  the  substance  in  the  electric  arc  produces 
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bright  lines,  which  are  not  visible  in  the  flame  spectrum, 
these  lines,  of  course,  cannot  be  reversed  by  this  method. 
The  reversal  of  the  bright  lines  in  the  spectra  of  metals, 
or  other  substances,  is  an  example  of  the  "  Theory  of 
Exchanges." 

302.  The  property  of  selective  absorption  is  possessed 
in  some  degree  by  all  known  bodies,  however  transparent. 
The  clearest  glass  absorbs    not   only   the  non-luminous 
radiation    beyond  the  visible  red  of  the  spectrum,  but 
also  absorbs  nearly  all  the  chemically   active  radiation 
which  is  more  refrangible  than  the  violet.     In  fact,  it 
transmits  very  little  radiation  beyond  that  wh'ich  is  sen- 
sible to  the  eye.     Many  bodies  which  appear  to  be  much 
less    transparent  than  glass  transmit   more  of  the  total 
radiation  from  the  sun  or  the  electric  light.     As  above 

^stated,  rock-salt  transmits  nearly  the  whole  of  the  ultra- 
red^  fadlaEoii  ;\^uaxtgj_ on  the  other  hand,  transmits  rays 
lying  very  much  beyond  the  violet,  so  that  the  spectrum 
of  the  electric  light  produced  by  quartz  prisms  and  lenses 
can  be  traced  to  a  distance  beyond  the  extreme  violet, 
equal  to  six  or  seven  times  the  length  of  the  visible 
spectrum.  These  rays  may  be  rendered  apparent  either 
by  their  photographic  effects,  or  by  causing  them  to  fall 
upon  certain  fluorescent  substances,  like  sulphate  of  qui- 
nine, sesculine,  etc.,  which  absorb  them  and  then  shine 
with  a  visible  light. 

303.  The  fact  that  glass  absorbs  so  much  of  the  non- 
luminous  radiation  which  falls  upon  it,  accounts  for  its 
efficiency  as  a  jjre  screen  as  well  as  its  action  in  hot- 
houses.    By  far  the  greater  part  of  the  radiation  from  an 
ordinary  fire  is  non-luminous,  and  this  is  absorbed  by  a 
glass   fire-screen,  rendering  the  screen  itself  warm,  and 
then  being  radiated  by  the  glass  in  all  directions,  so  that 
the  portion  reaching  any  person  in  the  room  is  much  less 
than  it  would  be  if  the  screen  were  not  present,  while  the 
cheerful    luminous  radiation    is  nearly   all   transmitted. 
When  glass  is  employed  in  frames  and  hot-houses,  a  very 
large  percentage  of    the    solar  radiation  is   transmitted, 
since  very  much  of  it  is  luminous,  but  of  the  non-luminous 
radiation  from  the  plants,  earth,  and  other  objects  below 
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the  glass,  nearly  all  is  absorbed  by  the  glass  which  returns 
through  its  own  radiation  a  great  portion  of  that  which  it 
absorbs  to  the  objects  beneath  it.  The  glass  thus  acts 
like  a  trap  or  ratchet,  allowing  the  radiation  to  pass  in 
one  direction,  but  refusing  to  allow  it  to  return. 

Air  which  contains  aqueous  vapour  acts  like  glass, 
absorbing  very  much  of  the  non-luminous  radiation  from 
the  earth,  etc.,  while  it  transmits  the  radiation  of  shorter 
wave-lengths  from  the  sun.  Air  devoid  of  aqueous  vapour 
j&,m.uch  more  diathermanous  to  non-luminous  radiation 
than  air  containing  it.  The  same  property  of  absorbing 
non-luminous  radiation  is  possessed  by  olefiant  gas  in  a 
very  marked  manner. 

304.  Diathermancy.     The  following  table  shows  the 
percentage  of  the  total  radiation  from  the  four  sources 
mentioned,  which  is  transmitted  by  a  plate  of  the  several 
substances  named,  one-tenth  of  an  inch  in  thickness.     It 
will  be  noticed  that  rock-salt  transmits  with  equal  facility 
both  luminous  and  non-luminous  radiation  while  Iceland 
spar,  glass,  tourmaline,  selenite,  alum  and  ice,  are  almost 
opaque  to  radiation  from  a  source  at  a  low  temperature.    It 
is  to  Melloni  we  are  indebted  for  these  results. 

NAME  OF  SOURCE. 

Locatelli     Incandescent     Copper  at      Copper  at 
Lamp        Platinum.  400°  C.  100°  C. 

Eock-salt    .     .    .  92'3  .  92'3  .  .  92-3  .  .  92'3 

Fluor  spar  .     .     .  72     .  .  69  .  .  42      .  .  33 

Iceland  spar     .     .  39     .  .  28  .  .  6      .  .     0 

Glass       ....  39      .  .  24  ,  .  6    ' .  .     0 

Quartz    .     .     .     .  38      .  .  28  .  .  6      .  .     3 

Tourmaline  (green)  18      .  .  16  .  .  3      .  .     0 

Selenite.     .     .     .  14      .  .       5  .  .  0      .  .     0 

Alum     ....       9..       2..  0..0 

Ice 6      .  .      0-5  .  .  0      .  .     0 

305.  Absorption   by  Gases.     The  following  table 
gives  the  relative  absorbing  powers  of  a  few  gases  at  a 
pressure  of  one  inch  of  mercury,  the   length  of  the  tube 
containing  the  gas  being  2  ft.  8  in.,  and  the  source  of  radi- 
ation a  plate  of  copper  heated  by  a  Bunsen  flame.     These 
results  were  obtained  by  Professor  Tyndall. 
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Absorption. 

Air 

Oxygen 

Nitrogen 

Hydrogen 1 

Chlorine 60 

Carbonic  oxide  ....  750 
Nitrous  oxide  ....  1860 
Sulphuretted  hydrogen  .  2100 

Ammonia 7260 

Olefiant  gas 7940 

Sulphurous  anhydride     .  8800 

306.  Absorption  by  Solution  of  Iodine.    A  solu- 
_kjon _of  iodine  in  bisjajjxhjde  of  carbon  absorbs  the  wholej&L 

the  luminous  radiation  from  any  source,  while  it  transmits 
a  large  portion  of  the  dark  radiation. '  If  a  beam  of  solar 
light  be  brought  to  a  focus  in  the  air  by  a  large  achro- 
matic lens,  and  a  wide  vessel  containing  this  solution  be 
introduced  into  its  path,  the  whole  of  the  light  will  be  cut 
off.  (This  Professor  Tyndall  proved  by  placing  his  eye  so 
that  the  focus  fell  on  the  retina,  defending  all  but  the 
pupil  by  a  perforated  screen.)  If  now  a  small  piece  of 
platinum  be  placed  at  the  point  which  was  occupied  by 
the  luminous  focus,  the  platinum  will  be  heated  to  white- 
ness, showing  that  the  dark  rays  are  brought  to  a  focus  at 
the  same  point  as  the  light  by  the  achromatic  lens.  (If  a 
common  lens  be  used,  the  best  focus  of  these  rays  is  a  little 
beyond  that  of  the  red  rays.) 

307.  Laws  of  Refraction.     This  experiment  proves 
that  dark  radiabion  is  subject  to  the  same  laws  of  refrac- 
tion as  light,  viz. : — 

(1)  The  incident   and  refracted  rays  lie  in  one  plane 
with  the  normal  to  the  refracting  surface  at  the  point  of  in- 
cidence and  on  opposite  sides  of  it. 

(2)  In  passing  from  one  given  medium  to  another,  the 
sine  of  the  angle  of  incidence  bears  to  the  sine  of  the  angle 
of  refraction  a  constant  ratio,  which  depends  only  on  the 
character  of  the  radiation. 
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FIG.  46. 


Thus,  if  10  represent  a  ray  in- 
cident at  0  from  air  on  a  surface 
AB  of  glass,  and  OR  the  refracted 
ray,  NON  being  normal  to  AB, 
ION  is  the  angle  of  incidence  and 
~f  EON'  the  angle  of  refraction  ;  and 
if  we  make  OR  equal  to  07,  and 
draw  IN,  RN  perpendicular  to  NN', 
the  ratio  of  IN  to  RN'  is  indepen- 
dent of  the  angle  of  incidence,  and 
is  called  the  index  of  refraction  of 
the  particular  ray  between  air  and  glass. 

308.  Selective  Absorption.     It  is  worthy  of  men- 
tion that  when  radiation  passes  through  a  considerable 
thickness  of  any  particular  medium,  the  latter  absorbs  all 
the  rays  which  it  is  capable  of  absorbing,  and  the  radi- 
ation may  then  be  made  to  pass  through  another  portion 
of  the    medium  without   being  sensibly  absorbed  by  it. 
Thus,  if  a  beam  of  solar  light  be  made   to  pass  through  a 
few  inches  of  ice,  it  will  melt  the  latter  in  the  interior  in 
the  form  of  beautiful  hexagonal  flowers,  like  snowflakes, 
whose   planes  coincide  with  the  planes  of  freezing  of  the 
ice,  but  it  may  afterwards  be  made  to  pass  through  a  lens 
of  ice  without  damage  to  the  latter,  and  may  thus  be 
brought  to  a  focus  in  which  platinum  may  be  heated  to 
redness. 

309.  Polarisation.     It  is  not  only  in  reflection  and 
ordinary  refraction  that  non-luminous  radiation  obeys  the 
same  laws  as  light.     It  can  also  be  doubly  refracted  by 
crystals  and  polarised.     If  light  be  allowed  to  fall  upon  a 
Nicol's  prism,  or  a  plate  of  tourmaline,  all  the  vibrations 
of  the  transmitted  light  are  reduced  to  one  plane,  the  rest 
being    absorbed   by  the  tourmaline  or    totally  reflected 
within  the  Nicol.     If  a  second  Nicol  or  plate  of  tourma- 
line be  placed  in  the  course  of  the  light  in  one  position, 
the  whole  of  the  light  will  be  transmitted  ;  but  if  the 
second  Nicol  or  tourmaline  be  turned  at   right  angles  to 
this,  the  whole  will  be  cut  off.     If  a  thermo-pile  be  placed 
in  the  course  of  the  light,  it  will  be  found  that  when  the 
light  is  transmitted  the  pile,  is  affected,  but  when  the 
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light  is  cut  off  no  current  is  produced  by  the  pile  ;  show- 
ing that  all  calorific  radiation  is  cut  off  with  the  light. 
Hence  the  non-luminous  radiation  must  be  polarised  by 
the  first  Nicol  or  tourmaline,  and,  in  the  case  of  the  Nicol, 
this  shows  that  it  is  also  subject,  like  light,  to  double 
refraction. 

310.  Light    and  Non- luminous  Radiation.     We 

see,  then,  that  non-luminous  radiation  accompanies  light 
in  reflection,  refraction,  double  refraction,  and  polarisation, 
and  is  subject  to  precisely  the  same  laws  as  the  light  itself. 
Hence  we  infer  that  it  is  of  the  same  nature  as  light, 
which  is  generally  supposed  to  consist  of  a  vibratory 
motion  of  the  luminiferous  ether,  a  very  rare,  jelly-like 
solid,  which  is  believed  to  pervade  the  whole  visible  uni- 
verse. By  exploring  the  spectrum  with  the  thermo-pile, 
we  learn  (Art.  293)  that  in  most  cases  the  greater  part  of 
the  radiation  is  less  refrangible  than  red  light,  and  the 
vibrations  constituting  it  are  therefore  longer  and  less 
rapid  than  those  of  red  light.  Fluorescent  bodies  indicate 
that  when  the  source  is  at  a  white  heat,  there  is  also 
emitted  radiation  more  refrangible,  and  therefore  of 
shorter  wave-length,  than  violet  light ;  but  this  generally 
has  very  little  heating  effect.  We  conclude  that  all  the 
radiation  from  hot  bodies  is  of  the  same  nature  as  light, 
but  only  that  portion  of  the  radiation  whose  period  of 
vibration  lies  between  certain  limits  produces  the  sen- 
sation of  light.  These  limits  vary  somewhat  with  differ- 
ent human  eyes,  and  there  is  no  reason  apparent  why 
some  animals  should  not  possess  eyes  capable  of  being 
affected  by  the  radiation  from  bodies  far  below  a  red  heat, 
or  even  at  ordinary  temperatures,  so  as  to  see  everything 
clearly  in  a  room  perfectly  dark  to  us,  provided  the  tem- 
perature is  above  a  certain  point. 

Light  and  non-luminous  radiation  being  thus  identical 
in  nature,  and  obeying  the  same  laws,  all  the  propositions 
of  optics  are  equally  true  for  all  heat-producing  rays. 

311.  Law  of  Inverse  Squares.     Through  uniform 
media  radiation  is  propagated  in  straight  lines. 

Suppose  radiation  emitted  from  a  very  small  body  at  A 
to  pass  through  a  rectangular  hole  in  a  fixed  screen  J3, 
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a 


FIG.  47.  and  to  fall  on  a  second  screen  (7, 

which  is  placed  parallel  to  B. 
The  whole  of  the  radiation 
which  passes  through  the  hole 
in  B  will  fall  on  a  rectangular 
area  on  6\  and  the  area  of 
this  rectangle  will  be  propor- 
tional to  the  square  of  the  distance  of  the  screen  C  from 
A.  But  wherever  the  screen  C  is  placed,  the  amount  of 
radiation  which  reaches  it  is  the  same,  viz. :  that  which 
passes  through  the  hole  in  B.  Therefore,  the  amount  of 
radiation  which  falls  on  each  unit  of  area  of  the  rectangle 
efgh  varies  inversely  as  the  area  of  this  rectangle  ;  that 
is,  inversely  as  the  square  of  the  distance  of  C  from  A. 
Hence,  the  intensity  of  the  radiation  at  any  point  varies 
inversely  as  the  square  of  the  distance  of  the  point  from  the 
source.  This  is  known  as  the  law  of  inverse  squares. 

312.  If  the  direction  of  the  screen  C  be  changed  so 
that  it  receives  the  radiation  from  A  very  obliquely,  it 
will  be  seen  that  the  area  of  C  on  which  this  radiation 
which  passes  through  the  hole  in  B  falls,  will  be  increased, 
and  the  amount  of  radiation  falling  on  the  unit  of  area 
will  be  correspondingly  diminished.     In  this  way  it  will  be 
seen  by  the  student  who  has  read  Trigonometry  that  the 
intensity  of  the  radiation  received  by  C  is  proportional  to  the 
cosine  of  the  angle  of  incidence. 

313.  Diathermancy  of  Air.     We   have  said  (Art. 
254)  that  when  heat  is  transmitted  by  radiation,  it  may 
travel  from  one  point  to  another  without  heating  the  med- 
ium through  which  it  passes.      That  radiation  will  pass 
through  air  without  sensibly  heating  it,  may  be  shown 
by  the  following  experiment : — Let  a  small  piece  of  plati- 
num be  covered  with  lampblack  and  placed  in  the  bulb 
of  a  differential  thermometer.    By  means  of  a  lens  let  some 
of  the   solar   radiation  be  brought  to  a  focus  in  the  air 
within  the  bulb,  care  being  taken  that  none  of  the  rays 
fall  upon  the  platinum.     The  liquid  in  the  tube  will  give 
a  very  slight  indication  of  heat  (and  this  slight  indication 
arises  principally  from  the  heating  of  the  glass  of  the 
bulb  and  consequent  heating  of  the  air  in  contact  with 
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it),  showing  that  the  air  is  not  sensibly  heated  by  the 
rays.  Now  let  the  lens  be  moved  till  the  focus  falls  upon 
the  platinum.  The  latter  will  be  almost  immediately 
heated  to  redness,  and  will  then  heat  the  air  around  it, 
and  the  liquid  in  the  tube  will  be  rapidly  driven  towards 
the  other  bulb. 

314.  Radiation  and  Absorption.  Different  sur- 
faces possess  different  powers  of  radiation  ;  this  may  be 
shown  by  constructing  a  metal  cube,  polishing  one  side, 
leaving  a  second  with  a  dead  metallic  surface,  covering  a 
third  side  with  velvet  or  other  material,  and  a  fourth  with 
lampblack.  If  the  cube  be  filled  with  boiling  water,  and 
its  sides  successively  presented  to  the  thermo-electric  pile 
at  a  distance  of,  say,  one  foot,  the  galvanometer  will  show 
that  the  radiation  is  greatest  from  the  side  covered  with 
lampblack,  next  greatest  from  the  velvet  side,  and  least 
from  the  polished  side.  This  cube  is  called  a  Leslie's 
cube.  By  covering  its  sides  with  different  materials,  we 
may  determine  their  relative  radiating  powers. 

Similarly,  if  two  equal  tin  canisters  be  filled  with  hot 
water,  and  one  expose  its  polished  surface  to  the  air,  while 
the  other  is  closely  covered  with  flannel,  the  latter  will 
cool  more  quickly  than  the  former,  on  account  of  the 
radiating  power  of  the  flannel.  If  the  flannel  do  not 
touch  the  canister,  it  will  serve  to  keep  in  its  heat. 

From  these  experiments  we  conclude  that  surfaces  which 
reflect  well  radiate  badly,  ivhile  bad  reflectors  are  good 
radiators. 

Again,  if  the  bulb  of  a  thermometer,  or  face  of  a  thermo- 
electric pile,  be  covered  with  lampblack,  it  will  absorb 
radiation  incident  upon  it  much  more  readily  than  if  it 
be  kept  clean.  A  quantity  of  water  can  be  boiled  in  a 
kettle  whose  exterior  has  been  blackened,  much  more 
readily  than  in  a  similar  kettle  kept  bright.  Combining 
these  results  with  those  of  the  experiments  just  described, 
we  infer  that  surfaces  which  reflect  well  both  radiate  and 
absorb  badly,  while  surfaces  which  are  bad  reflectors  are 
good  radiators  and  also  absorb  a  large  portion  of  the  radia- 
tion incident  upon  them. 

We  may  mention  that  the  absorbing  power  of  any  sur- 
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face  is  generally  different  for  the  radiation  from  different 
sources.  Lampblack  absorbs  nearly  all  the  radiation 
incident  upon  it  from  any  source,  and  for  this  reason 
the  bulb  of  the  thermometer,  or  face  of  the  thermo- 
electric pile,  employed  to  measure  radiation,  should  be 
covered  with  lampblack.  The  radiation  emitted  by  any 
body  always  increases  as  the  temperature  of  the  body  is 
raised. 

315.     The  difference  between  the  absorbing  power  of  a 
bright  metallic  surface  and  of  a  blackened  surface  can  be 

conspicuously  shown  by 
the  apparatus  sketched 
in  Fig.  48,  in  which  A 
and  B represent  two  discs 
of  tinned  iron,  to  the 
backs  of  which  are  sol- 
dered small  bars  of  bis- 
muth, C  and  D.  The 
disc  A  is  bright,  but  B  is 
covered  with  lampblack. 
The  discs  are  united  by  a 
copper  wire  AB,  and  the 
bismuth  bars  are  connected  with  the  electrodes  of  a  gal- 
vanometer G.  A  red-hot  iron  ball  E  is  placed  midway 
between  the  discs.  Now,  if  the  junction  of  the  bismuth 
bar  Z),  with  the  iron  plate  Z?,  only  be  heated,  an  electric 
current  will  pass  from  the  bismuth  to  the  iron  across  the 
hot  junction,  and  so  go  through  the  galvanometer  from 
C  to  D.  If  the  junction  of  A  and  C  alone  be  heated,  the 
current  will  go  through  the  galvanometer  in  the  opposite 
direction ;  while  if  both  junctions  be  heated  equally,  no 
current  will  be  produced.  After  introducing  the  hot  ball 
between  the  plates,  it  is  found  that  the  current  passes 
through  the  galvanometer  from  C  to  D,  indicating  that 
the  junction  of  the  bismuth  with  the  blackened  plate  B 
is  more  heated  than  the  other,  whence  we  infer  that  the 
plate  B  absorbs  more  radiation  than  the  bright  plate  A. 
By  removing  B  farther  from  the  source  of  heat,  we  can 
find  a  position  for  B  in  which  no  current  passes,  and  then, 
comparing  the  distance  of  A  and  B  from  E,  can  calculate 
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approximately  the  relative  absorbing  powers  of  the  two 
surfaces.  In  one  experiment,  when  the  hot  ball  was  mid- 
way between  the  plates,  the  solder  uniting  the  bismuth 
bar  to  the  blackened  disc  was  melted,  and  the  bar  dropped 
off,  while  that  on  the  bright  disc  remained  perfectly 
sound. 

316.  If  some  letters  be  written  in  ink  on  a  piece  of 
platinum  foil,  on  heating  the  foil  to  redness  a  little  oxide 
of  iron  is  left  clinging  to  the  platinum.  If  the  foil  be 
now  heated  in  a  Bunsen  flame  in  a  dark  room,  the  letters 
will  appear  much  brighter  than  the  rest  of  the  foil,  show- 
ing that  the  iron  oxide,  which  reflects  much  less  light 
than  the  platinum,  radiates  much  more  when  incan- 
descent. Now  let  the  platinum  be  turned  over  in  the 
flame  so  that  the  plain  side  may  be  seen.  The  letters 
will  still  appear  legible  (though  inverted),  but  in  this 
case  the  letters  appear  dark  on  a  bright  ground.  The 
reason  of  this  is  that  more  radiation  being  emitted  from 
the  iron  oxide  than  from  the  platinum,  the  metal  is  cooled 
where  the  letters  are  written  more  than  elsewhere,  and 
the  reverse  side  presenting  everywhere  a  uniform  surface 
of  platinum,  the  amount  of  radiation  emitted  depends 
only  on  the  temperature  of  the  metal,  and  is  therefore 
less  behind  the  letters  than  elsewhere. 

'317.  Rate  of  Cooling.  -We  have  stated  (Art.  314) 
that  the  radiation  emitted  by  a  hot  body  increases  as  the 
temperature  rises.  The  amount  which  it  receives  depends, 
of  course,  upon  the  temperature  of  surrounding  bodies, 
and  if  it  be  placed  in  an  enclosure  of  uniform  tempera- 
ture below  that  of  the  body,  the  rate  at  which  it  will  lose 
heat  will  depend  on  this  difference.  Newton  came  to  the 
conclusion  that  the  rate  of  cooling  is  proportional  to  the 
excess  of  the  temperature  of  the  body  over  that  of  the 
enclosure.  This  result  is  known  as  Newton's  law  of  cool- 
ing, but  is  not  strictly  true.  Dulong  and  Petit  investi- 
gated the  rate  of  cooling,  both  in  air  and  in  vacuo,  of  a 
thermometer  bulb  which  was  placed  in  the  interior  of  a 
thin  copper  sphere,  the  sphere  being  immersed  in  water 
at  a  known  temperature.  Their  results  indicate  that  the 
rate  of  cooling  depends  upon  the  absolute  temperature 
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both  of  the  body  and  the  receiver,  and  not  simply  upon 
their  difference.  For  the  same  difference  of  temperature, 
the  rate  of  cooling  increases  with  the  temperature  of  the 
enclosure.  Thus,  the  difference  of  temperature  being 
100°,  the  rate  of  cooling  when  the  enclosure  was  at  80°  C., 
and  the  thermometer  at  180°  C.,  was  1'87  times  the  rate 
when  the  enclosure  was  at  0°,  and  the  thermometer  at 
100°  C. 

318.  Dulong  and  Petit  found  that  the  rate  of  cooling 
of  a  body  in  vacuo  in  an  enclosure  at  uniform  tempera- 
ture might  be  represented  by  the  formula— 


where  0  represents  the  temperature  of  the  enclosure,  and 
t  the  excess  of  the  temperature  of  the  body  over  that 
of  the  enclosure.  They  also  found  the  value  of  a  to  be 
1-0077.  The  value  of  m  depends  on  the  body  and  enclo- 
sure concerned. 

This  formula  suggests  the  idea  that  the  loss  of  heat  of 
the  body  to  the  enclosure  is  represented  by  m  (ai+B  —  Y), 
and  its  gain  from  the  enclosure  by  m  (a?  —  1). 

319.  Stefan,  making  use  of  Dulong  and  Petit's  results, 
concluded   that   the   radiating  power  of    a    body  varies 
directly  as  the  fourth  power  of  its  absolute  temperature, 
and  showed  that  this  law  agreed  more  accurately  with  the 
figures  obtained  by  Dulong  and  Petit  than  did  the  law 
just  given,   which  they  deduced  from  their  own  work. 
Clausius  afterwards  obtained  the  same  law  of  radiation 
from  purely  theoretical   considerations,  and  this  law  is 
now  more  generally  accepted  than  that  of  Dulong  and 
Petit. 

320.  Not  much  is  known  of  the  actual  amount  of  heat 
radiated  from  different  surfaces  under  given  conditions. 
Forbes  determined  the  loss  of  heat  by  radiation  from  his 
iron  bars  at  different  temperatures  in  the  course  of  his 
investigations  on  the  thermal  conductivity  of  iron.     Nicol 
obtained  the  following  figures  for  the  loss  of  heat  in  one 
minute  from  a  square  foot  of  bright  and  of  black  copper 
in  a  blackened  enclosure,  the  pressure  of   the   air  in  the 
enclosure  being   represented   by   30,  4,  and   *4  inches  of 
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mercury  in  the  successive  experiments,  and  the  unit  of 
heat  being  that  required  to  raise  1  Ib.  of  water  1°  C.,  the 
temperature  of  the  copper  being  58°  C.,  and  that  of  the 
enclosure  8°  C. 

30  ins.  4  ins.  -4  in. 

Bright  Copper      .     .     1-09    .       -61     .     '42 
Black  Copper        .     .     2*03    .     146     .  1-35 

From  these  figures  it  will  be  seen  how  important  a  part 
is  played  by  the  air  in  promoting  loss  of  heat  from  a  hot 
body.  The  same  action  is  sometimes  forcibly  impressed 
upon  us  if  we  take  hold  of  an  electric  incandescent  lamp 
which  has  been  badly  exhausted.  It  is  easy  to  grasp  in 
the  hand  a  well-made  16-candle  lamp  when  burning  at 
full  power ;  but  if  the  lamp  has  been  imperfectly  ex- 
hausted, it  is  far  too  hot  to  hold.  A  boiler  exposing  300 
square  feet  of  uncovered  iron,  and  containing  steam  at  a 
pressure  of  100  Ibs.  per  square  inch,  will  probably  lose 
about  100,000  units  of  heat  per  hour,  corresponding  to  an 
extra  consumption  of  about  twenty  pounds  of  coal. 

THEORY  OF  EXCHANGES. 

21.  If  in  the  focus  of  one  of  the  conjugate  mirrors 
described  in  Art.  297  we  place  the  bulb  of  a  thermometer, 
while  a  block  of  ice  is  placed  in  the  focus  of  the  other, 
the  thermometer  will  indicate  a  decrease  of  temperature. 
The  same  would  happen  if  the  thermometer  were  placed 
in  a  cavity  in  a  block  of  ice  without  touching  the  latter. 
The  reason  of  this  is  that  the  thermometer  emits  more 
radiation  to  the  ice  than  it  receives  from  it.  If  the  ther- 
mometer be  placed  in  a  room  whose  walls,  as  well  as 
everything  in  the  room,  are  at  the  same  temperature 
as  the  thermometer,  the  latter  will  indicate  no  change ; 
while  if  the  thermometer  be  originally  at  a  lower  tem- 
perature than  the  room,  its  temperature  will  increase ;  if, 
on  the  other  hand,  it  be  at  a  higher  temperature  than 
that  of  the  room,  its  temperature  will  decrease.  The 
behaviour  of  the  thermometer  in  all  these  cases  is  com- 
pletely explained  by  Prevost's  Theory  of  Exchanges. 

This  theory  asserts  that  every  body  radiates  at  a  rate 
depending  only  on  the  nature  and  temperature  of  its 
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surface,  while  it  absorbs  a  certain  fraction  of  the  radiation 
it  receives  from  other  bodies,  which  fraction  is  a  measure 
of  the  absorbing  power  of  its  surface  for  the  particular 
kind  of  radiation  which  it  receives. 

322.  From  the   fact  that    a   surface  appears   equally 
bright  in  whatever  direction  it  is  viewed,  it  follows  that 

The  amount  of  radiation  emitted  by  any  surface  is  greatest 
in  the  direction  of  the  normal  to  the  surface,  and  that  for 
other  directions  the  amount  is  proportional  to  the  cosine 
of  the  angle  which  the  direction  make*  with  the  normal. 

Also  we  have  seen  (Art.  311)  that 

The  intensity  of  radiation  at  any  point  varies  inversely 
as  the  square  of  its  distance  from  the  source. 

From  these  data  it  may  be  shown  geometrically  that 
if  two  bodies,  A  and  J9,  which  emit  the  same  amount  of 
radiation  per  unit  of  area  of  their  surfaces,  be  placed  near 
to  each  other,  the  amount  of  radiation  reaching  A  from  B 
is  equal  to  the  amount  from  A  which  falls  on  B. 

323.  Suppose  a  thermometer  to  be    placed    with    its 
bulb  at  the  centre  of  a  hollow  sphere,  which  is  initially  at 
the  same  temperature  as  the  thermometer,  and  any  part  of 
whose  surface  is  capable  of  radiating  ten  times  as  much 
as  an  equal  portion  of    the  surface  of   the  thermometer 
bulb  at  the  same  temperature.     Experiment  shows  that 
the  thermometer  always  retains  the  temperature  of  the 
enclosure  in  which  it  is  placed.      Suppose  also  that  the 
surface  of   the  sphere  absorbs  one-half  of  the  radiation 
which  falls  upon  it  from  the  thermometer,  the  other  half 
being  returned  to  the  thermometer  by  reflection.     Then, 
if  the  surface  of  the  sphere  radiated  as  much  per  unit  of 
its  area  as  that  of  the  thermometer,  just  as  much  radia- 
tion would  reach  the  thermometer  from  the  sphere  as  the 
thermometer  itself  gives  out ;  for,  while  the  whole  of  the 
latter  reaches  the  sphere,  only  a  very  small  part  of  the 
radiation  from  the  surface  of  the  sphere  reaches  the  small 
bulb  at  its  centre,  viz.,  that  part  of  the  radiation  which 
leaves   the   surface  of  the   sphere   along   the  radius,  or 
nearly  in  that  direction.     But  since  the  sphere  radiates 
ten  times  as  much  per  unit  of  area  as  does  the  thermo- 
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meter  bulb,  it  follows  that  ten  times  as  much  radiation 
reaches  the  thermometer  from  the  sphere  as  reaches  the 
sphere  from  the  thermometer  ;  and  since  the  thermometer 
retains  the  same  temperature,  and  no  heat  can  be  lost  by 
it,  except  by  entering  the  sphere,  it  follows  that  in  each 
second  the  thermometer  must  absorb  the  same  amount  of 
heat  from  the  sphere  as  the  sphere  absorbs  from  the  thermo- 
meter. But  the  sphere  absorbs  half  of  the  total  radia- 
tion from  the  thermometer.  Therefore,  the  thermometer 
must  absorb  one-twentieth  of  the  radiation  which  reaches 
it  from  the  sphere.  Hence,  while  the  spherical  surface 
absorbs  one-half  of  the  total  radiation  from  the  ther- 
mometer, the  latter  absorbs  but  one-twentieth  of  that 
which  it  receives  from  the  sphere,  or  the  absorbing  powers 
of  the  two  surfaces  are  directly  proportional  to  their 
radiating  powers.  Now,  whatever  be  the  nature  of  the 
surfaces  of  the  sphere  and  thermometer,  the  latter  will 
always  retain  the  temperature  of  the  former ;  hence  we 
conclude,  that  if  we  measure  the  absorbing  power  of  a 
surface  by  the  ratio  of  the  amount  of  radiation  it  absorbs 
to  the  whole  amount  incident  upon  it, 

The  absorbing  power  of  any  surface,  A,  for  radiation 
emitted  from  any  other  surface,  B,  is  to  the  absorbing  power 
of  B  for  radiation  reaching  it  from  A,  as  the  radiating 
power  of  A  is  to  that  of  B. 

This  relation  is  true  not  only  of  the  whole  radiation 
from  the  surface,  but  also  of  any  selected  constituent 
thereof. 

Balfour  Stewart  has  shown  that  the  radiation  from  a 
thick  plate  of  rock-salt  is  greater  than  that  from  a  thin 
plate  at  the  same  temperature,  which  indicates  that  in 
transparent  bodies  radiation  takes  place  within  the  sub- 
stance of  the  body  itself. 

324.  As  we  have  stated  above,  it  may  be  shown  by 
geometry  that  if  two  bodies,  A  and  B,  which  emit  the 
same  amount  of  radiation  per  unit  of  area  of  their  sur- 
faces, be  placed  near  each  other,  the  amount  of  radiation 
from  B  which  falls  on  A  is  equal  to  the  amount  from  A 
which  reaches  B.  Hence,  if  any  number  of  bodies,  all  at 
the  same  temperature,  be  placed  in  the  neighbourhood 
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of  one  another,  each  will  emit  radiation  to,  and  receive 
radiation  from,  all  the  others  ;  and  the  amount  of  radia- 
tion from  any  body  B  which  any  other  body  A  absorbs, 
is  exactly  equal  to  the  amount  of  radiation  from  A 
absorbed  by  B. 

Now,  suppose  that  two  bodies  A  and  B  are  near  to  each 
other,  and  the  temperature  of  B  is  higher  than  that  of  A ; 
also  suppose  that  the  surface  of  B  has  ten  times  the 
radiating  power  possessed  by  A,  and  therefore  ten  times 
the  absorbing  power ;  and  moreover  that  B  absorbs  half 
the  radiation  falling  upon  it  from  A.  Then,  by  what  we 
have  proved,  A  will  absorb  one-twentieth  of  the  radiation 
reaching  it  from  B.  But  since  B  is  at  a  higher  tempera- 
ture than  A,  more  than  ten  times  as  much  radiation 
reaches  A  from  B  (of  which  A  absorbs  one-twentieth)  as 
reaches  B  from  A  (of  which  B  absorbs  one-half).  Hence, 
A  absorbs  more  radiation  from  B  than  B  absorbs  from 
A,  and  thus  the  temperature  of  A  rises,  while  that  of  B 
falls.  Thus,  if  A  be  a  block  of  ice,  and  B  a  thermometer 
originally  at  15°  C.,  and  everything  else  in  the  room,  in- 
cluding the  walls,  be  at  15°  C.,  the  temperature  of  the 
thermometer  will  fall  on  account  of  the  presence  of  the 
ice  ;  while  if  the  ice  be  removed  the  thermometer  is  capa- 
ble of  receiving  radiation  from  the  wall,  in  the  directions 
previously  subtended  by  the  ice,  and  thus  its  temperature 
^ will  be  again  raised  to  15°  C.,  and  kept  there. 

jy>  325.     The  following  is  a  brief  summary  of  our  results. 
Prevost's  Theory  of  Exchanges  may  be  thus  stated : 

Every  body  emits  radiation  in  all  directions  at  a  rate 
depending  only  on  its  temperature  and  the  nature  of  its 
surface,  while  it  absorbs  radiation  from  all  bodies  to  which 
it  is  exposed. 

Combining  this  with  the  known  fact  that  a  body  placed 
in  an  enclosure  kept  at  constant  temperature  acquires  the 
temperature  of  the  enclosure,  we  see  that  the  following 
law  must  be  true,  viz  : — 

The  absorbing  power  of  any  surface,  A,  for  radiation 
emitted  from  any  other  surface,  B,  is  to  the  absorbing  power 
of  B  for  the  radiation  from  A  as  the  radiating  power  of 
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A  is  to  that  of  B ;  the  absorbing  power  of  a  surface  being 
measured  by  the  ratio  of  the  radiation  it  absorbs  to  the  whole 
radiation  incident  upon  it. 

The  absorbing  power  of  any  surface  for  rays  of  different 
wave-lengths  is  proportional  to  its  radiating  power  for 
the  same  rays. 

326.  When  radiation  falls  upon  a  transparent,  or  dia- 
thermanous  body,  as  rock-salt  or  air,  part  of  the  radiation 
is  absorbed  within  the  body,  and  the  absorption  goes  on 
as  the  radiation  traverses  it  until  all  those  particular  rays 
which  it  is  capable  of  absorbing  have  been  filtered   out, 
and  the  remaining  radiation  is  then  transmitted  by  the 
body  without  sensible  diminution  (Art.  308).     On  exam- 
ining the  spectrum  of  radiation  after  traversing  such  a 
medium,  it  will  be  found  to  be  crossed  by  a  number  of 
absorption  bands,  the  radiation  corresponding  to  which 
has  been  removed,  leaving  black  spaces  in  the  luminous 
portion  of  the  spectrum,  spaces  in  which  a  thermo-electric 
junction  is  unaffected  in  the  parts  beyond  the  red,  and 
spaces  in  which  photographic  paper  is  unblackened  be- 
yond the  violet.     If  the  body  be  heated  so  as  to  become 
self-luminous,  it  will  be  found  that  it  emits  those  rays 
which  in  the  previous  case  it  absorbed. 

/n  ^ ' 

327.  Not  only  is  it  true  that  bodies  (including  gases) 
absorb  radiation  of  the  same  wave-length  as  they  them- 
selves   emit,  but    if   a    body  absorb  radiation    which    is 
polarised  in  one  particular  plane,  the  radiation  it  emits 
when  self-luminous  will  be  found  polarised  in  the  same 
plane.     Thus  a  crystal  of  tourmaline  absorbs  all  vibrations 
perpendicular  to  its  axis,  transmitting  only  those  parallel 
to  its  axis.      If  such  a  crystal  be  heated  to  redness,  and 
the  radiation  examined  through  another  crystal  of  tour- 
maline, or  a  Nicol's  prism,  the  vibrations  will  be  found  all 
to  tajse  place  in  the  plane  perpendicular  to  the  axis  of  the 


328.  Nature  of  Flame.  Flame  consists  of  gases 
heated  so  as  to  become  self-luminous.  Now,  gases  (as  we 
have  seen  in  the  case  of  air  in  Art.  313)  possess  very 
little  power  of  absorbing  radiation,  and  consequently 

a.  H.  p 
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possess  very  little  power  of  emitting  it.  Hence  a  flame 
which  contains  within  it  no  solid  particles  generally  emits 
very  little  light.  The  flame  of  hydrogen  burning  in  air 
or  pure  oxygen  is  scarcely  visible  in  ordinary  daylight, 
but  if  a  piece  of  lime  be  heated  by  it  we  obtain  the  oxy- 
hydrogen  lime-light.  When  the  pressure  under  which 
gases  are  burning  is  very  much  increased,  and  the  density 
of  the  gases  consequently  increased,  they  give  out  much 
more  light  than  under  ordinary  circumstances. 

329.  The    radiation  from  an  ordinary  gas  or    candle 
flame  is  due  principally  to  the  presence  of  solid  particles 
of  carbon  within  it,  and  the  illuminating  power  of  coal 
gas  depends  on  the  amount  of  carbon  it  contains.     An 
ordinary  candle,  or  coal-gas  flame,  consists  of  three  dis- 
tinct portions.     The  central  portion,  A,  Fig.  49,  called  the 
area  of  non-combustion,  contains  gas  which  has  not  yet 

met  with  air,  and  is  therefore  not  burning, 
FIG.  49.       and  being  at  a  comparatively  low  tempera- 
ture is  non-luminous.    Surrounding  this  area 
is  another,  in  which  the  gas  has  met  with  a 
partial  but  insufficient  supply  of  oxygen,  and 
in  it  a  portion  of  the  gas  is  burned,  while  solid 
particles   of   carbon    formed    by  its    decom- 
position are  raised  to  a  very  intense  heat  and 
emit  much  radiation.    This  is  called  the  area 
of  partial  combustion,  and  is  marked  B  in 
the  figure.     Beyond  this  is  the  area  of  com- 
plete combustion,  (7,  in  which  the  particles  of  carbon  are 
burned  up  ;  and  since  this  area  consists  only  of  heated  gas, 
it  emits  very  little  radiation,  although  it  is  the  hottest 
part  of  the  flame. 

330.  If  the  gas  be  mixed  with  air  before  being  ignited, 
as  in  the  flame  of  a  Bunsen  or  gauze  burner,  the  solid 
particles  of  carbon  do  not  exist  in  it  for  a  sensible  time, 
and  very  little  radiation  is  emitted.     If  the  hand  be  held 
by  the  side  of  a  Bunsen  flame,  and  the  supply  of  air  be 
suddenly  cut  off  so  as  to  make  the  flame  bright,  the  sensa- 
tion of  heat  experienced  by  the  hand  will  be  at  once  very 
sensibly  increased,  owing  to  the  increased  radiation. 

Even  in  a  blow-pipe  flame,  where  the  air  and  gas  are 
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intimately  mixed,  the  flame  is  not  solid  right  up  to  the 
jet.  It  contains  within  it  a  space  in  which  combustion 
has  not  yet  commenced,  and  just  beyond  this  space  is  the 
region  where  the  greatest  heat  is  generated,  because  there 
the  actual  union  of  the  carbon  and  hydrogen  with  oxygen 
takes  place.  The  reason  of  the  existence  of  the  uncom- 
bined  though  mixed  gases  in  the  middle  of  the  flame  is 
that  there  is  a  definite  limit  to  the  rate  at  which  ignition 
can  be  propagated  through  a  mass  of  gas.  If  the  gas 
leave  the  jet  with  a  greater  velocity  than  this  it  will  not 
ignite  at  once,  but  will  only  begin  to  burn  where  the 
velocity  of  the  stream  is  not  greater  than  the  velocity  of 
propagation  of  the  temperature  of  ignition  through  the 
gas. 

331.  The  Radiometer.     In  1874  Mr.  Crookes  dis- 
covered that  when  radiation  was  received  by  a  body  in  an 
almost  perfect  vacuum,  it  had  a  tendency  to  move  in  a 
direction  opposite  to  that  from  which  the  radiation  came ; 
that  is,  to  recede  from  the  source  of  radiation.      In  his 
first  experiments  a  small  light  body,  such  as  a  piece  of 
elder  pith,  was  attached  to  each  end  of  a  straw,  through 
the  middle  of  which  half  a  needle,  pointed  at  both  ends, 
was  passed,  and  the  straw  was  supported  in  a  horizontal 
tube  upon  the  points  of  the  half  needle,  which  was  a  little 
shorter  than  the  diameter  of  the  tube.     The  balance  was 
effected  by  heating  the  heavier  end  so  as  to  dry  it.  When 
the  tube  was  exhausted  by  a  mercurial  air-pump,  it  was 
at  first  found  that  a  hot  body  appeared  to  attract  the  end 
of  the  straw  near  to  which  it  was  placed,  but  when  the 
exhaustion  reached  a  certain  stage,  which  was  different 
for  different  bodies  balanced  on  the  straw,  the  attraction 
ceased  and  repulsion  set  in.     This  repulsion  was  not  due 
to  currents  of  air,  because  it  took  place  equally  whether 
the  hot  body  was  placed  below  or  above  the  straw.     On 
substituting   a  piece   of  ice  for  the   hot   body,   the   ice 
appeared  to  attract  the  end  of  the  straw  near  to  which  it 
was  placed. 

332.  Mr.  Crookes  also  found  that  if  pieces  of    metal 
were  balanced  on  a  straw,  the  repulsion  was  greater  when 
they  were  covered  with  lampblack  than  when  polished, 
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FIG.  50. 


and  that  generally  the  repulsion  was  greater  the  greater 
the  absorbing  power  of  the  surface.  From  this  it  would 
follow  that  if  a  disc  of  metal  were  polished  on  one  side 
and  covered  with  lampblack  on  the  other,  and  were 
exposed  to  radiation  equally  from  all  directions  (as  in 
diffused  daylight),  it  would  tend  to  move  in  the  direction 
of  the  normal  to  its  surface  drawn  outwards  from  its 
polished  side ;  that  is,  the  polished  side  would  always 
appear  to  advance  and  the  black  side  to  retire.  Upon 
this  principle  Mr.  Crookes  constructed  the  Radiometer,  a 
modification  of  which  is  shown  in  Fig.  50. 

It  consists  of  a  glass  vessel  into  the  bottom  of  which  is 
sealed  a  tube,  which  is  drawn  off  at  the  top,  and  carries  a 
sharp  steel  point.  On  this  rests  a  light 
glass  cup,  A,  which  carries  four  vertical 
discs  of  aluminium  at  the  extremities  of 
horizontal  arms  at  right  angles  to  each 
other.  The  discs  are  thus  supported  on 
a  bearing  similar  to  that  of  an  ordinary 
compass  needle.  A  very  narrow  glass 
tube  attached  to  the  top  of  the  vessel 
prevents  the  cup  from  falling  off  the 
point  if  the  instrument  be  inverted. 
The  vessel  is  exhausted  through  the  tube 
BC,  in  which  a  hole  D  has  been  formed 
for  this  purpose,  and  the  end  of  the  tube 
is  then  sealed.  The  discs  are  covered 
with  lampblack  on  one  side  only,  and  are 
arranged  in  order,  so  that  the  black  sides 
all  point  in  the  same  direction  round  a 
horizontal  circle.  From  what  has  been 
said  it  will  be  seen  that,  with  this  ar- 
rangement, the  arms  carrying  the  discs  will  rotate  when 
the  latter  are  exposed  to  radiation,  in  the  direction  in 
which  the  polished  faces  look,  in  the  same  way  as  the 
arms  of  an  anemometer  carrying  Robinson's  cups  rotate 
in  the  direction  in  which  the  convex  surfaces  of  the  cups 
look.  The  rate  at  which  the  arms  revolve  may  be  taken 
to  indicate  the  intensity  of  the  radiation  to  which  the 
instrument  is  exposed,  and  hence  its  name. 
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333.  It  appears  at  first  sight  as  if  the  action  of  the 
radiometer  might  be  due  to  the  impact  of  material  par- 
ticles, and  thus  seem  to  favour  the  corpuscular  theory  of 
radiation ;    but   were    the   corpuscular   tihrflry   tmrij    tbn^ 
pressure  on  the  polished  surfaces  at  which  reflection  takes 
place,  and  from  which  the  particles  must  therefore  re- 
bound, would  be  greater  than  that  upon  the  blackened 
surfaces,  which  must  retain  them,  and  the  arms  would 
revolve  in  the  direction  opposite  to  that  in  which  they 
actually  move. 

334.  Perhaps  the  best  explanation  hitherto  given  of 
the  repulsion  produced  by  radiation  is  that  due  to  Pro- 
fessor Osborne  Reynolds,  of  which  the  following  is  a  brief 
sketch. 

Although  a  very  goed  vacuum  may  have  been  produced 
within  the  receiver,  there  are  always  present  some  parti- 
cles of  air  or  other  gas  which,  according  to  the  dynamical 
theory  of  gases,  are  moving  about  in  all  directions,  with 
velocities  which  increase  with  the  temperature,  and  which 
exert  pressure  upon  any  surface  exposed  to  their  impacts. 
Now  the  surface  of  any  body  exposed  to  radiation  becomes 
heated  thereby,  and  the  more  so  as  its  absorbing  power  is 
increased.  Hence,  in  the  radiometer  the  blackened  sides 
of  the  vanes  become  heated  more  than  the  polished  sides. 
When  the  particles  of  air  strike  the  surface,  they  rebound 
with  velocities  which  on  the  average  are  greater  than 
those  with  which  they  strike  it  if  the  temperature  of  the 
surface  be  higher  than  that  of  the  enclosure,  and  thus  act 
like  elastic  balls,  whose  coefficient  of  elasticity  is  greater 
than  unity.  The  greater  the  velocity  with  which  they 
rebound,  the  greater  is  the  pressure  they  exert  on  the 
surface,  and  this  pressure  will  therefore  be  greater  the 
higher  the  temperature  of  the  surface.  The  pressure  of 
the  air  on  the  side  of  a  body  exposed  to  a  source  of  radia- 
tion will  therefore  be  greater  than  that  on  the  opposite 
side,  and  the  body  will  consequently  appear  to  be  repelled 
by  the  source  ;  while  in  the  radiometer  the  pressure  of 
the  air  on  the  blackened  faces  will  be  greater  than  that 
on  the  polished  faces,  because  their  temperature  is  higher, 
and  the  arms  will  therefore  rotate  in  the  direction  in 
which  they  are  observed  to  move. 
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335.  If  the  radiometer  be  exposed  for  some  time  to  a 
high  temperature,  so  as  to  heat  the  vanes  considerably 
above  the  temperature  of  the  air  in  the  room,  and  be  then 
allowed  to  cool,  the  blackened    sides  of  the  vanes  will 
cool  most  readily,  being  better  radiators  than  the  other 
sides,  and  the  bright  sides  being  thus  left  at  the  higher 
temperature,  the  vanes  will  rotate  in  the  opposite  direc- 
tion to  that  in  which  they  move  when  exposed  to  sunlight 
in  the  usual  way.     By  concentrating  sunlight  by  a  lens 
on  the  vanes  they  rotate  rapidly,  the  black  sides  retiring  ; 
then,  on  removing  the   instrument  into  the  shade,  the 
rotation  ceases,  and  presently  commences  in  the  opposite 
direction. 

336.  By  employing  iron  vanes,  and  floating  the  instru- 
ment in  water,  while  the  vanes  were  held  stationary  by 
magnets,  Dt.  Schuster  found  that  the  glass  bulb  rotated 
slowly  in  the  opposite  direction  to  that  in  which  the  vanes 
tended  to  rotate  ;  thus  showing  that  the  stresses  produc- 
ing the  motion  were  not  between  the  vanes  and  the  source 
of  light,  as  would  be  the  case  if  the  light  acted  directly 
upon  the  vanes,  but  both  action  and  reaction  were  confined 
to  the  instrument  itself. 

Clerk  Maxwell,  in  1879,  gave  a  very  complete  mathe- 
matical investigation  of  the  action  of  the  radiometer, 
explaining  why  the  vanes  do  not  turn  until  the  pres- 
sure of  the  air  in  the  instrument  is  reduced  below  a 
certain  limit. 


CHAPTEE  X. 

METEOROLOGY. 

337.  Land  and  Sea  Breezes.     We  have  now  to  con- 
sider the  application  of  some  of  the  experimental  results 
\ve  have  obtained  to  the  explanation  of  natural  pheno- 
mena.    We    have    seen  that   if  air   be   heated   without 
increasing  the  pressure  to  which  it  is  exposed,  it  expands 
considerably.     Hence   hot   air   will   rise   in   cold   air   on 
account  of  the  action  of  gravity.     Now,  during  a  hot  day 
the  sun  heats  the  surface  of  the  land  and  of  the  sea,  but 
owing  to  cooling  by  the  evaporation  of  the  latter,  and 
communication  of  heat  to  the  water  below,  on  account  of 
the  continual  movements  of  the  sea,  while  the  land  is  for 
the  most  part  a  very  bad  conductor  of  heat,  the  surface 
of  the  sea,  and  consequently  the  air  in  contact  with  it, 
becomes  much  less  heated  than  that  of  the  land.     The  air 
above  the  land  being  therefore  more  highly  heated  than 
that  over  the    sea,  will    ascend,  and   air    from  the  sea 
will  flow  in  to  occupy  its  place,  forming  a  sea  breeze. 

During  the  night  the  land  parts  with  its  heat  by  radia- 
tion, and  becomes  much  more  cooled  than  the  sea,  on 
account  of  the  low  radiating  power  and  high  specific  heat 
of  the  latter.  The  wind  then  blows  towards  the  sea,  since 
the  air  above  the  sea  ascends,  thus  forming  during  the 
night  a  land  breeze. 

338.  The  Trade  Winds.     The  equatorial  regions  of 
the  earth  become  highly  heated  by  the  sun,  which  is 
vertical,  or  nearly  so,  in  these  regions  at  noon.     The  air 
there  becomes  consequently  less  dense  than  that  in  the 
adjoining  temperate  zones,  and  therefore  ascends,  to  give 
place  to  the  colder  air,  which,  under  the  action  of  gravity, 
flows  in  from  north  and  south,  thus  tending  to  produce  a 
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north  wind  on  the  borders  of  the  temperate  and  tropical 
zones  in  the  northern  hemisphere,  and  a  south  wind  in 
the  corresponding  regions  of  the  southern  hemisphere. 
Now,  the  surface  of  the  earth  near  the  equator  has  a 
velocity  from  west  to  east  of  more  than  a  thousand  miles 
an  hour,  on  account  of  the  earth's  rotation,  while  places 
in  higher  latitudes  have  a  less  velocity.  As  the  air,  then, 
flows  towards  the  equatorial  regions,  it  is  continually 
reaching  places  which  have  a  greater  velocity  from  west 
to  east  than  those  from  which  it  comes  ;  and,  since  it  can- 
not immediately  acquire  this  velocity,  it  has  always  a 
motion  from  east  to  west  relative  to  the  place  over  which 
it  passes.  Combining  this  with  its  previous  motion 
towards  the  equator,  we  get  a  north-east  wind  in  the 
southern  hemisphere.  These  are  the  trade  winds. 

339.  The   Counter  Trades.     Now,  the   air    which 
ascended  at  the  equator  must  come  down  somewhere  to 
take  the  place  of  the  air  which  flowed  towards  the  equator 
from  higher  latitudes,  and  make  room  for  the  air  which 
continues  to  rise  at  and  near  the  equator.     This  current 
of  air  on  reaching  the  earth's  surface  has,  of  course,  a 
motion  towards  the  nearer  pole,  but  since  it  comes  from 
places  whose  motion,  on  account  of  the  rotation  of  the 
earth,  is  greater  than  those  to  which  it  is  travelling,  it 
will  always  have  a  velocity  relative  to  these  latter  places 
in  the  direction  in  which  the  earth  is  turning, — that  is, 
from  west  to  east, — and  combining  this  motion  with  its 
motion  towards  the  pole,  we  get  a  south-west  wind  in  the 
northern    hemisphere,    and    a   north-west    wind    in   the 
southern  hemisphere.     These  are  the  counter  trades. 

340.  The  Gulf  Stream.     On  account  of  the  great 
amount  of  heat  absorbed   by  water  in  evaporating,  the 
presence  of  a  large  quantity  of  water  will  have  a  great 
effect  in  moderating  the  excessive  heat   of  the  climate 
in  summer ;  and  its  high  specific  heat  enables  it  to  give 
out  so  much  heat  while  being  cooled  in  winter,  as  to  con- 
siderably alleviate  the  cold  in  that  season.     The  great 
equatorial  current  which  (probably  partly  driven  by  the 
trade  winds)   has  a   motion   from   east   to   west   in   the 
Atlantic  Ocean,   and   rushing  into   the   Gulf  of  Mexico 
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washes  round  its  shores,  and  then  crosses  the  Atlantic  as 
the  Gulf  Stream,  has  much  to  do  with  moderating  the 
winter  temperature  in  the  north-west  of  Europe.  Places 
in  central  Asia  and  North  America  in  the  latitude  of 
London  experience  excessive  cold  in  the  winter.  The 
latitude  of  Moscow  is  not  very  different  from  that  of 
Edinburgh. 

341.  Clouds.     We  have  seen  that  if  air  be  allowed 
to  expand,  by  diminishing  the  pressure  upon  it,  without 
allowing  it  to  receive  heat,  it  becomes  cooled.     Now,  if 
the  air  be  originally  saturated  with  aqueous  vapour,  the 
diminution  of  the  pressure  which  the  vapour  can  exert  on 
account  of  the  decrease  of  temperature  proceeds  faster 
than  the  diminution  of  the  pressure  which  it  would  have 
to  exert  on  account  of  the  expansion  of  the  air  if  it  all 
remained  as  vapour.     Hence,  as  the  air  expands,  some  of 
the  vapour  must  be  condensed.     In  this  way  a  cloud  is 
formed  in  the  receiver  of  an  air-pump  as  the  exhaustion 
proceeds. 

Consider  an  ascending  current  of  air  nearly  saturated 
with  aqueous  vapour.  As  it  ascends  it  becomes  cooled, 
and  soon  the  vapour  within  it  is  no  longer  able,  notwith- 
standing its  expansion,  all  to  exist  as  vapour,  and  a  por- 
tion of  it  condenses,  forming  a  cloud,  which  consists  of 
drops  of  water,  so  small  that  the  resistance  offered  to  their 
motion  by  the  air  is  sufficient  to  prevent  their  falling 
through  it  except  with  an'  exceedingly  small  velocity. 
The  cloud  seen  to  form  in  front  of  the  spout  of  a  tea- 
kettle containing  boiling  water,  or  above  the  safety-valve 
of  a  steam  boiler,  consists  of  small  drops  of  water,  and  not 
of  steam  which  is  invisible.  In  the  case  of  a  kettle  in 
which  the  water  boils  violently  there  is  true  steam,  which 
is  invisible  for  some  distance  in  front  of  the  spout. 

342.  Cloud  may  also  be  formed  by  a  warm  wind  blow- 
ing against  the  side  of  a  cold  mountain.     Here  the  wind 
is  cooled  by  actual  contact  with  the  mountain,  as  well  as 
by  having  to  ascend  its  sides  and  so  expanding  under 
diminished  pressure.     As  the  air  leaves  the  mountain,  the 
cloud  sometimes  evaporates,  so  that  there  appears  to  be  a 
stationary  cloud  around  the  mountain  top  notwithstanding 
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the  presence  of  a  strong  wind.     The  cloud  is,  however, 
continually  being  blown  away  and  renewed. 

From  this  we  should  expect  mountains  to  exert  a  great 
influence  on  the  condensation  taking  place  in  their  neigh- 
bourhood ;  and  it  is  a  matter  of  observation  that  the  rain- 
fall in  mountainous  districts  is,  other  things  being  the 
same,  much  greater  than  on  extensive  plains,  while  the 
districts  lying  to  leeward  of  lofty  ranges  are  sometimes 
rainless. 

343.  Another  cause  of  condensation  is  the  mingling  of 
currents  of  air  at  different  temperatures.  The  pressure 
which  aqueous  vapour  can  exert  at  the  mean  of  two  tem- 
peratures is  considerably  less  than  the  mean  of  the  pres- 
sures it  can  exert  at  those  separate  temperatures ;  and 
consequently,  when  two  quantities  of  air  at  different 
temperatures  mix,  if  each  be  originally  saturated  with 
aqueous  vapour,  a  portion  of  this  must  be  condensed. 

Thus,  the  greatest  pressure  of  aqueous  vapour  at  5°C.  is 
about  "257  in.  of  mercury,  while  at  15°  C.  it  is  about  *5  in. 
The  mean  of  these  is  -3785  in.,  but  the  greatest  pressure 
of  aqueous  vapour  at  10°  C.  is  only  -36  in.  Now,  suppose 
two  equal  masses  of  air,  saturated  with  aqueous  vapour  at 
the  temperatures  of  5°  C.  and  15°  C.  respectively,  to  mix. 
The  temperature  of  the  mass  will  then  be  reduced  nearly 
to  10°  C.,  and  consequently  a  portion  of  the  vapour  will 
be  condensed  till  its  pressure  is  only  '36  in.,  instead  of 
•3785  in.,  or  about  5  per  cent,  of  the  whole  amount  of 
vapour  in  the  two  masses  of  air  will  be  precipitated  to 
form  cloud.  During  this  condensation  the  vapour  which 
is  condensed  gives  up  to  the  air  the  latent  heat  of  evapora- 
tion, thus  preventing  it  from  being  cooled  quite  to  the 
mean  of  the  two  temperatures,  and  also  diminishing  ac- 
cordingly the  amount  of  precipitation. 

In  all  these  cases  cloud  is  formed  by  the  cooling  of  the 
air  below  the  DEW-POINT. 

*  When  a  cloud  is  formed  near  the  surface  of  the  earth, 
it  forms  a  fog  or  mist.  The  importance  of  solid  or  liquid 
particles  in  the  air  to  act  as  nuclei  in  the  formation  of 
cloud  or  fog  has  already  been  referred  to. 
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344.  Eain.     When  some  of  the  small  drops  of  water 
in   a   cloud  unite  to  form  larger  drops,  they  fall   more 
rapidly  than   the   others,  and   meeting  with  the  small 
drops  as  they  fall  through  the  cloud,  they  attach  them- 
selves to  them,  thus  increasing  their  own  bulk,  and  in 
consequence   falling   more   rapidly.     The   union   of  the 
small  drops  of  water  of  a  cloud  or  fog  thus  produces  rain. 

The  very  great  amount  of  evaporation  taking  place  in 
the  equatorial  regions,  and  the  strong  upward  current  of 
air  there  produced,  account  for  the  enormous  rainfall  in 
those  parts. 

345.  Hail  and   Snow.     If,  as    the  small  raindrops 
fall,  they  pass  through  colder  regions  of  the  atmosphere, 
they   become   frozen,    and   thus   fall   as   hail.     Different 
opinions  are,  however,  held   with  regard  to  the  mode  of 
formation  of  hail. 

If  a  cloud  exist  at  a  temperature  below  0°  C.,  or  be 
formed  by  the  mingling  of  a  quantity  of  warm  air  with 
air  so  cold  that  the  temperature  of  the  mixture  is  below 
0°C.,  the  condensed  vapour  will  consist  of  minute  crystals 
of  ice.  It  is  these  small  ice  crystals  which  form  halos 
round  the  moon  on  cold  nights,  and  sometimes,  especially 
in  the  early  morning,  produce  beautiful  halos  round  the 
sun.  The  union  of  these  small  crystals  produces  snow 
flakes,  which  grow  as  they  descend  by  the  aggregation  of 
other  crystals  to  their  exterior. 

We  have  stated  (Art.  168)  that  water  may  under  special 
circumstances  be  cooled  below  0°C.  without  freezing. 
Now  and  then  this  happens  to  raindrops  which  fall  as 
water,  but  as  soon  as  they  meet  with  any  disturbing  body 
they  congeal,  forming  a  solid  sheet  of  ice  over  the  surface 
of  an  umbrella,  or  any  other  body  on  which  they  may 
fall,  although  its  temperature  may  have  been  initially 
above  0°  C. 

346.  Dew.     The  earth  in  any  locality  emits  radiation 
at  a  rate  depending  upon  the  nature  and  temperature  of 
its  surface.     During  the  day  it  receives  radiation  from 
the  sun,  but  during  the  night  this  is  not  the  case,  and  a 
fall  of  temperature  is  the  result.     If  the  night  be  cloudy, 
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the  clouds  radiate  to  the  earth  almost  as  much  heat  as 
they  receive  from  it,  so  that  its  temperature  is  not  much 
reduced ;  but  if  the  night  be  clear,  the  surface  of  the 
earth  radiates  into  space,  and  receiving  nothing  in  return, 
a  cold  night  is  the  result. 

The  air  very  close  to  the  earth,  then,  frequently  becomes 
cooled  below  the  dew-point,  especially  if  the  day  has  been 
warm,  and  a  white  mist  is  seen  to  cover  the  land,  par- 
ticularly where  grass,  or  the  like,  is  growing.  This  mist 
deposited  on  the  surfaces  of  the  earth,  of  plants,  etc.,  is 
dew. 

347.  Very  much  more  dew  is  deposited  on  grass  and 
similar  vegetable  structures  than  upon  the  bare  earth  or 
stones.     The  reason  of  this  is  that  the  blades  of  grass  are 
exceedingly  good  radiators,  but  very  bad  conductors  of 
heat ;  they  therefore  become  intensely  cold,  and  the  air 
around  them  being  cooled  by  contact,  deposits  very  much 
of  its  moisture  upon  their  surfaces.     Stones  and  the  like 
are  not  such  good  radiators  as  blades  of  grass,  while  their 
conductivity  is  much  greater,  so  that  they  receive  heat  by 
conduction  from  the  ground  below,  to  make  up  in  part 
for  that  which  they  lose  by  radiation. 

On  account  of  the  great  radiating  power  but  small  con- 
ductivity of  straw,  the  water  in  shallow  vessels,  if  exposed 
upon  a  heap  of  straw,  may  be  frozen  during  the  night  in 
hot  regions  of  India. 

The  theory  of  dew  was  first  clearly  worked  out  by 
William  Charles  Wells,  a  London  physician,  and  the 
student  interested  in  the  subject  is  recommended  to 
consult  his  essay,  edited  by  Mr.  L.  P.  Casella,  and  pub- 
lished by  Messrs.  Longman  &  Co.  in  1866. 

348.  Frost.     When  the  temperature  of  the  surface  of 
the  ground,  or  of  other  surfaces,  is  reduced  by  radiation 
below  0°  C.,  this  temperature  being  also  below  the  dew- 
point  of  the  surrounding  air,  the  aqueous  vapour  becomes 
frozen  as  it  is  condensed,  and  thus  hoar-frost  is  produced. 

Black-frost  is  produced  when  the  aqueous  vapour,  in- 
stead of  subliming  into  hoar-frost,  is  first  condensed  into 
liquid  water  and  then  frozen. 
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It  has  been  stated  (Art.  303)  that  dry  air  is  much 
more  diathermanous  than  air  containing  aqueous  vapour. 
Hence,  in  sandy  deserts,  where  there  is  very  little  vapour 
in  the  air,  not  only  is  the  earth  intensely  hot  during  the 
day,  but  at  night,  through  the  unchecked  radiation,  it 
becomes  intensely  cold. 


CHAPTER    XI. 

ON  THE  CONSERVATION  OF  ENERGY  AND  THE  CONNECTION 
BETWEEN  MOTION  AND  HEAT.  BACON.  RUMFORD.  DAVY. 
SEQUIN.  MAYER.  JOULE.  SPECIFIC  HEAT  OF  AIR  AT 
CONSTANT  VOLUME.  HEAT  ENGINES.  DISSIPATION  OF 
ENERGY. 

349.  Work.     Force  is  said  to  do  work  when  it  moves 
its  point  of  application. 

The  work  done  by  a  force  which  remains  uniform  in 
magnitude  and  direction  is  measured  by  the  product  of 
the  number  of  units  of  force,  and  the  number  of  units  of 
length  through  which  its  point  of  application  is  moved  in 
the  direction  of  the  force ;  that  is,  through  which  the  force 
works. 

If  the  weight  of  1  Ib.  be  the  unit  of  force,  and  1  foot 
the  unit  of  length,  the  work  done  by  a  force  equal  to  the 
weight  of  1  Ib.  in  working  through  1  foot  is  the  unit  of 
work,  and  is  called  a  foot-pound. 

For  example,  if  a  weight  of  10  Ibs.  be  allowed  to  fall 
from  a  height  of  6  feet  to  the  ground,  since  the  earth 
exerts  an  attractive  force  upon  it  in  the  direction  of  motion 
equal  to  the  weight  of  10  Ibs.,  the  work  done  upon  the 
body  by  gravity  is  60  foot-pounds. 

350.  Work  is  said  to  be  done  against  a  force,  when 
the  point  of  application  is  made  to  move  (by  some  agent) 
in  the  direction  opposite  to  that  in  which  the  force  acts, 
and  is  measured  by  the  product  of  the  number  expressing 
the  force  and  that  expressing  the  distance  moved  over  by 
its  point  of  application  in  the  direction  opposite  to  that 
in  which  the  force  acts. 

Thus,  if  the  10  Ib.  weight  above  mentioned   be  raised 
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from  the  ground  to  its  original  position  at  a  height  of  6 
feet,  60  foot-pounds  of  work  are  done  against  gravity. 

The  work  done  in  lifting  1  cwt.  of  bricks  to  the  top  of 
a  scaffold  40  feet  in  height  will  be  the  same,  viz.  4480 
foot-pounds,  whether,  the  bricks  be  raised  in  a  basket 
over  a  pulley  along  a  vertical  straight  line  through  40 
feet,  or  whether  they  be  carried  in  a  hod  up  an  inclined 
ladder,  or  wheeled  in  a  barrow  up  planks  at  a  small  in- 
clination to  the  horizon,  although  in  this  last  case  the 
whole  distance  through  which  they  are  moved  is  very 
much  greater  than  40  feet.  We  see,  then,  that  in  order 
to  find  the  work  done  against  gravity,  we  have  simply  to 
multiply  the  weight  of  the  body  in  pounds  by  the  vertical 
height  through  which  it  is  raised  in  feet,  and  the  product 
is  the  required  number  of  foot-pounds  of  work,  and  a 
similar  process  will  give  us  the  work  done  by  gravity  on 
a  descending  body,  the  weight  of  the  body  and  the  differ- 
ence of  level  between  its  initial  and  final  positions  being 
all  that  concerns  us,  the  form  of  the  path  described 
having  no  influence  on  the  result. 

351.  Hence,  in  the  case  of  a  force  whose  direction  i's 
constant,  if  the  point  of  application  of  the  force  do  not 
move  in  the  same  straight  line  in  which  the  force  acts, 
we  must  determine  the  whole  distance  through  which  it 
has  moved  parallel  to  this  straight  line,  and  if  this  be 
given,  the  work  done  by,  or  against,  the  force  is  indepen- 
dent of  the  path  along  which  the  point  of  application 
moves. 

352.  If  a  weight  of  10  Ibs.  be  suspended  at  a  height  of 
6  ft.  from  the  ground  by  a  string  passing  over  a  smooth 
pulley,  it  will  be  able,  in  descending,  to  lift  a  weight  less 
than  10  Ibs.,  but  differing  from  it  by  a  quantity  as  small 
as  we  please,  and  attached  to  the  other  end  of  the  string, 
through  the  same  height ;  and  we  may  therefore  say  that 
in  virtue  of  its  position  relative  to  the  earth,  it  is  capable 
of  doing  60  foot-pounds  of  work  upon  another  body,  or  to 
speak  more  correctly,  the  system  composed  of  the  10  Ib. 
weight  and  the  earth,  is  capable  of  doing  60  foot-pounds 
of  work  in  virtue  of  the  relative  positions  of  these  bodies. 
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Similarly,  if  a  spring  be  compressed  it  is  capable  of  doing 
work  (in  virtue  of  its  compression)  when  allowed  to 
resume  its  natural  form. 

353.  Again,  if  we  succeed  in  catching  a  cricket-ball  in 
one  hand,  we  are  conscious  of  a  pressure  exerted  by  the 
ball  on  the  hand,  and  we  also  observe  that  the  ball  com- 
pels the  hand  to  move  backwards  over  a  certain  distance 
in  the  direction  in  which  the  ball  is  moving ;  that  is,  in 
the  direction  in  which  it  presses  the  hand.     Hence,  the 
ball  does  an  amount  of  work  on  the  hand  which,  if  the 
pressure  exerted  by  it  were  uniform,  would  be  measured 
by  the  product  of  this  pressure  and  the  distance  through 
which  the  hand  moves  in  the  direction  of  the  pressure. 
The  ball  is  therefore  capable  of  doing  work  in  virtue  of 
its  motion.     If  the  ball  were  to  fall  on  the  top  of  a  spring, 
it  would  bend  the   spring  by  doing  work  upon  it,  and 
would  thus  put  the  spring  in  a  position  to  do  work  on 
being  allowed  to  regain  its  original  form.     (It  may  be 
shown  that  the  amount  of  work  the  ball  can  do  is  pro- 
portional to  the  product  of  its  mass  and  the  square  of  its 
velocity.) 

Of  course  the  cricket-ball  is  unable  to  do  work  unless 
it  meets  with  some  object  not  moving  with  the  same 
velocity  as  itself ;  so  that,  in  strictness,  we  ought  to  say 
that  the  system  consisting  of  the  ball  and  the  object 
which  it  strikes  is  capable  of  doing  work  in  virtue  of  the 
relative  motion  of  the  parts.  When  we  speak  of  the  work 
which  a  moving  terrestrial  body  can  do,  we  generally 
mean  the  work  it  can  do  in  being  brought  to  rest  rela- 
tively to  the  earth. 

354.  Hence  we  see  that  a  system  of  bodies  may  be 
capable  of  doing  work  in  virtue  of  its  configuration  ;  that 
is,  the  relative  positions  of  its  parts,  or  of  its  motion.     The 
whole  amount  of  work  which  a  system  is  capable  of  doing 
is  called  its  energy.     That  portion  of  its  energy  which  is 
due  to  its  motion  is  called  its  kinetic  energy,  while  that 
portion  of  the  energy  which  is  due  to  its  configuration 
called  potential  energy. 

355.  Potential  energy  and  kinetic  energy  are  mutu- 
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ally  convertible.  Thus,  if  a  weight  of  10  Ibs.  be  held  at 
a  height  of  6  ft.  above  the  ground,  it  may  be  said  to 
possess  60  foot-pounds  of  potential  energy  in  virtue  of  its 
position  relative  to  the  earth.  If  it  be  allowed  to  fall 
freely  from  this  height,  at  the  instant  it  reaches  the 
ground  its  potential  energy  is  zero,  but  it  has  a  consider- 
able velocity,  and  the  kinetic  energy  it  possesses  in  virtue 
of  this  motion  is  exactly  equivalent  to  60  foot-pounds. 
If  the  velocity  were  now  reversed,  this  kinetic  energy 
would  be  at  first  the  same  as  before,  but  the  body  would 
now  continue  to  rise,  losing  velocity,  and  therefore  kinetic 
energy,  as  it  goes,  until  it  would  come  to  rest  at  a  height 
of  6  ft.  from  the  ground,  where  its  kinetic  energy  would 
be  zero,  since  it  would  be  at  rest,  but  its  potential  energy 
would  be  60  foot-pounds.  Of  course  if  it  remained  un- 
supported it  would  immediately  begin  to  descend  again, 
and  the  same  cycle  of  events  might  be  repeated  ;  so  that 
we  should  have  the  potential  energy  originally  possessed 
by  the  ball  alternately  converted  into  kinetic  energy, 
and  this  reconverted  into  potential  energy.  This  actually 
takes  place  in  the  case  of  the  motion  of  a  clock  pendulum, 
or  any  vibrating  body,  the  energy  of  which  is  potential 
when  at  the  extremity,  and  kinetic  when  in  the  middle, 
of  its  swing.  At  any  intermediate  point  the  energy  is 
partly  potential  and  partly  kinetic.  The  energy  of  a  bent 
spring  is  potential  energy,  while  that  of  a  cannon-ball 
after  its  discharge  is  kinetic  energy. 

356.  It  is  possible  that  if  we  knew  more  about  the  con- 
stitution of  matter  and  the  machinery  by  which  one  par- 
ticle acts  on  another  at  a  distance,  we  should  have  no  need 
for  this  distinction  between  kinetic  and  potential  energy. 
At  first  sight  the  energy  of  a  quantity  of  compressed  air, 
or  of  the  high-pressure  steam  in  a  boiler,  appears  to  be 
like  that  of  a  compressed  steel  spring,  and  we  should 
class  it  as  potential  energy.  But  the  dynamical  theory 
of  gases  teaches  us  that  this  energy  is  due  to  the  motion 
of  the  gaseous  particles,  the  pressure  of  a  gas  being  simply 
due  to  the  impacts  of  the  molecules  upon  any  surface 
exposed  to  them.  Hence  we  must  regard  the  energy  of 
compressed  gases  as  kinetic  energy,  and  perhaps  if  we 
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knew  as  much  about  the  nature  of  solids  and  liquids  as 
we  think  we  know  about  gases,  we  might  see  a  reason 
for  regarding  all  kinds  of  energy  as  kinetic  energy. 

357.  Absolute  Units.     It  should  be  observed  that 
the  units  of  force  and  of  work  we  have  adopted,  viz.  the 
weight  of  a  pound,  and  the  foot-pound,  both  belong  to  a 
class  of  variable  units  called  gravitation  units,  for  a  potind 
is  properly  a  definite  quantity  of  matter,  and  its  weight 
depends  upon  the  locality  in  which  it  is  placed,  as  well 
as  its  height  above  the  sea-level,  since  the  intensity  of 
gravity  varies  both  with  the  latitude  and  the  distance 
from  the  earth's  centre.     On  this  account  these  units  are 
not  well  adapted  for  general  use  throughout  the  world, 
and  other  units,  called  absolute  units,  which  do  not  de- 
pend on  the  attraction  of  the  earth,  have  been  employed 
to  supersede  them. 

The  British  absolute  unit  of  force  is  that  force  which, 
acting  on  a  pound  of  matter  for  a  second,  generates  in  it  a 
velocity  of  one  foot  per  second,  and  is  called  a  poundal.  The 
British  absolute  unit  of  work  is  the  work  done  by  this  force 
in  working  through  one  foot,  and  is  called  a  foot-poundal. 

This  unit  of  force  is  rather  less  than  the  weight  of  half 
an  ounce  in  the  latitude  of  London. 

The  power  of  an  agent  is  the  rate  at  which  it  can  work. 
The  British  absolute  unit  of  power  is  that  of  an  agent 
which  can  work  at  the  rate  of  one  foot-poundal  per  second. 

An  agent  which  can  work  at  the  rate  of  33,000  foot- 
pounds per  minute,  or  550  foot-pounds  per  second,  is  said  to 
be  of  one  horse-power.  It  will  be  noticed  that  the  horse- 
power is  a  gravitation  unit,  not  an  absolute  unit,  of  power. 

The  term  horse-power  is  often  used  in  connection  with 
the  rate  at  which  an  engine  or  other  agent  is  actually 
working,  and  without  reference  to  the  greatest  rate  at 
which  it  can  work. 

358.  The  units  of  length,   mass,  and  time  generally 
employed  in  scientific  work  are  the  centimetre,  gramme, 
and  second,  and  units  based  upon  these  are  frequently 
distinguished  by  the  letters  C.  Gr.  S. 
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The  C.  G.  S.  unit  offeree  is  that  force  which,  acting  on  a 
gramme  for  a  second,  generates  in  it  a  velocity  of  a  centi- 
metre per  second  and  is  called  a  dyne. 

The  0.  G.  S.  unit  of  worJc  in  the  work  done  by  a  dyne  in 
working  through  a  centimetre,  and  is  called  an  erg. 

The  weight  of  a  gramme  at  the  sea  level  in  Paris  is 
equal  to  about  981  dynes. 

Since  the  erg  is  an  extremely  small  unit  of  work,  being 
equal  to  little  more  than  the  work  done  in  lifting  a  milli- 
gramme through  a  centimetre,  it  is  convenient  to  employ 
a  larger  unit  for  practical  purposes.  The  joule  is  such  a 
unit,  and  is  equal  to  10,000,000  ergs. 

The  C.  G.  S.  unit  of  power  is  the  power  of  an  agent  which 
can  work  at  the  rate  of  an  erg  per  second. 

A  rate  of  working  equal  to  10,000,000  ergs  per  second 
is  called  a  watt. 

^,  359.  Conservation  of  Energy.  Newton,  in  com- 
menting on  the  third  law  of  motion,  makes  a  statement 
which  may  be  translated  as  follows : — 

"  If  the  action  of  an  agent  be  measured  by  the  rate  at 
which  it  works,  and  the  reactions  of  the  resistances,  whether 
arising  from  friction,  cohesion,  or  weight,  by  the  rate  at 
which  work  is  done  against  them  ;  and  if  amongst  these  re- 
actions we  include  the  rate  at  which  kinetic  energy  is  being 
generated  in  the  system,  action  and  reaction  in  all  combi- 
nations of  machines  are  equal  and  opposite." 

This  statement  is  equivalent  to  asserting  that  when 
an  agent  does  work  on  a  system,  the  whole  of  the  work 
done  is  equivalent  to  the  work  done  against  gravitation, 
cohesion,  friction  (and  other  forces),  together  with  the 
kinetic  energy  generated  in  the  system.  Now,  we  have 
seen  that  when  work  is  done  against  gravity,  an  equiva- 
lent amount  of  potential  energy  is  conferred  on  the  body 
which  is  raised,  and  the  same  is  true  when  work  is  done 
against  any  forces  which,  like  gravity,  are  independent 
of  time  and  of  the  motion  of  the  system.  Hence,  if  a 
system  be  acted  on  by  forces  of  this  nature  only,  Newton's 
statement  is  equivalent  to  the  assertion  that  the  work 
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done  on  the  system  by  any  agent  is  equivalent  to  the 
change  produced  by  it  in  the  sum  of  the  potential  and 
Jvine tic  energy  of  the  system.  This  is  a  case  of  the  great 
principle  of  the  Conservation  of  Energy.  In  particular, 
we  see  that  if  no  external  agent  affect  the  system,  the  sum 
of  its  potential  and  'kinetic  energy  will  remain  constant. 

360.  If  work  be  done  against  friction,  or  force  of  a  like 
nature,  no  potential  energy  is  conferred  on  the  moving 
system,  for  friction  always  acts  so  as  to  prevent  motion, 
and  can  therefore  have  no  tendency  to  bring  a  body  back 
into  its  original  position,  as  gravity  tends  to  do  when  a 
weight  is  raised. 

The  work  done  against  friction,  therefore,  appears  at 
first  sight  to  be  lost,  and  for  a  long  while  this  was  believed 

"  be  the  case.  It  has  its  equivalent,  however,  in  the 
energy  due  to  a  motion  which  we  have  not  yet  con- 
sidered. 

361.  If  a  brass  button  be  rubbed  vigorously  on  a  board 
and  then  applied  to  the  skin,  we  become  conscious  that 
the  button  is  hot.     The  physical  agent  which  produces 
this  sensation  is  called  heat  (Art.  1).     Now,  the  work  done 
upon  the  button  by  the  person  rubbing  it  is  not  in  this 
case  converted  into  energy  of  position,  as  the  button  may 
be  finally  brought  to  rest  at  the  point  from  which  it 
started ;    nor  is  any  portion  of  it  finally  converted  into 
the  energy  of  motion  of  the  button  as  a  whole,  since  it 
is  at  last  brought  to  rest.     It  remains  then  for  us  to  dis- 
cover what  has  become  of  the  work  done  on  the  button. 

362.  If  a  resined  bow  be  rubbed  against  the  string  ot 
a  violin,  both  friction  and  adhesion  tend  to  retard  the 
motion,  and  work  has  to  be  done  against  these  forces  by 
the  hand  of  the  violinist.     After  the  passage  of  the  bow 
the  instrument  emits  a  musical  note,  and  on  examination 
it  is  found  that  the  string  is  in  a  state  of  vibration,  a  state 
which  it  also  communicates  to  the  wood  of  the  violin, 
whence  most  of  the  sound  is  emitted.     In  this  case  the 
work  done  by  the  hand  of  the  violinist  is  partly  trans- 
formed into  the  energy  of  the  vibrating  string  and  sound- 
board, and  thence  into  the  energy  of  sound-waves  in  air. 


HEAT    PRODUCED    BY   FRICTION.  229 

Again,  if  a  number  of  elastic  wires  have  each  one  end 
stuck  into  a  board,  like  bristles  in  a  brush,  and  the  hand 
be  made  to  pass  over  their  tops,  the  work  done  by  the 
hand  will  produce  vibrations  in  the  wires,  which  will  be 
in  part  communicated  to  the  board.  The  surface  of  any 
body  which  is  not  perfectly  smooth,  a  condition  fulfilled 
by  no  known  object,  consists  of  a  series  of  small  projec- 
tions, and  the  passage  of  a  rough  surface  over  these 
causes  them  to  vibrate,  in  the  same  manner  as  vibrations 
are  set  up  by  the  passage  of  the  hand  over  the  wire- brush 
or  of  the  bow  over  the  violin-string,  though  of  course  on 
a  very  much  smaller  scale.  Now,  it  is  the  passage  of 
these  projections  on  each  surface  over  one  another  that 
is  the  cause  of  friction  ;  and  the  work  done  against  fric- 
tion is  consumed  in  setting  up  vibrations  in  these  small 
portions  of  matter,  these  vibrations  being  continually 
communicated  to  the  other  material  particles  in  contact 
with  them  (conduction  of  heat),  so  that  vibrations  are  set 
up  in  every  particle  of  which  the  button  or  other  body  is 
composed.  (All  natural  surfaces  possess  projections  of 
this  nature  ;  the  art  of  polishing  consists  in  making  them 
as  small  as  possible.  A  surface  is  highly  polished  when 
they  are  small  compared  with  the  length  of  a  wave 
of  light,  or  the  50,000th  of  an  inch.)  It  is  this  state  of 
vibration  which,  when  communicated  to  our  nerves,  pro- 
duces the  sensation  of  heat,  and  the  whole  of  the  work 
done  against  friction  is  converted  into  the  energy  of 
vibration  of  the  particles  of  which  the  bodies  which  rub 
against  each  other  are  composed.  (The  part  played  by 
local  electric  currents  as  an  intermediate  form  assumed  j 
by  the  energy  in  this  production  of  heat  has  not  been! 
determined.) 

363.  We  can  now  place  the  conservation  of  energy 
upon  a  broader  basis  than  before,  comprehending  within 
it  those  cases  in  which  work  is  done  against  friction  and 
similar  non-conservative  forces,  and  may  enunciate^  it 
thus : 

When  an  agent  does  work  on  any  material  system,  the 
whole  of  the  work  done  is  equivalent  to  the  change  of  the 
sum  of  the  potential  and  kinetic  energy  of  the  system,  in- 
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eluding  in  the  latter  the  energy  of  the  vibrations  set  up  in 
the  molecules  of  which  the  system  is  composed.  If  the  system 
do  work  against  an  external  resistance,  its  loss  of  energy  is 
equivalent  to  the  work  so  done. 

"We  thus  see  that  the  work  done  against  friction,  and 
supposed  by  Newton  to  be  lost,  has  its  equivalent  in  mole- 
cular vibrations,  constituting  heat,  generated  in  the 
system. 

Maxwell  stated  the  principle  of  the  Conservation  of 
Energy  very  elegantly  as  follows  : 

"  The  energy  of  a  system  is  a  quantity  which  can  neither 
he  increased  nor  diminished  by  any  actions  between  the  parts 
of  the  system,  though  it  may  be  transformed  into  any  of  the 
forms  of  which  energy  is  susceptible." 

364.  In   the  case  of  the  vibrating  violin-string,  the 
vibrations  are  communicated  by  the  sound-board  of  the 
instrument,  and,  in  small  part,  by  the  string  itself,  to  the 
surrounding  air,  through  which  they  are  propagated  to 
distant  objects,  and  their  energy  is  lost  by  the  violin.     In 
a  similar  way  the  vibrations  which,  as  we  have  said,  con- 
stitute heat  in  bodies,  are  slowly  imparted  to  a  medium 
which  fills  space,  viz.,  the  ether,  and  are  propagated  by 
it  to  distant  bodies  in  the  form  of  radiant  energy,  which 
may  or  may  not  be  capable  of  producing  the  sensation 
of  light,  and  energy  is  then  lost  by  the   body  in  which 
it  originally  existed  as  heat.     It  is  the  communication  of 
vibrations  from  particle  to  particle  of  a  body  which  con- 
stitutes the  conduction  of  heat. 

365.  It  was  formerly  believed  that  heat  consisted  of 
a  kind  of  imponderable  fluid  which  pervaded  all  bodies, 
and  that  when  heat  was  produced  by  the  blow  of  a  ham- 
mer, or  the  sudden  compression  of  air,  it  was  squeezed  out 
of  the   body  operated  upon  by  the  pressure  to  which  it 
was  exposed. 

Long  before  the  Dynamical  Theory  of  heat  was  estab- 
lished, Lord  Bacon  expressed  his  conviction  that  heat 
consists  of  a  kind  of  motion  or  "  brisk  agitation  "  of  the 
particles  of  matter.  In  the  Novum  Organum,  after  giving 
a  long  list  of  sources  of  heat,  in  which  he  mentions  the 
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friction  of  trees  rubbing  against  one  another  in  a  high 
wind,  and  other  mechanical  sources,  he  says:  "From 
these  examples,  taken  collectively  as  well  as  singly,  the 
nature  whose  limit  is  heat,  appears  to  be  motion."  Again, 
"  It  must  not  be  thought  that  heat  generates  motion  or 
motion  heat,  though  in  some  respects  this  is  true,  but  the 
very  essence  of  heat,  or  the  substantial  self  of  heat,  is  motion 
and  nothing  else"  But  Bacon  was  too  apt  to  theorise 
without  sufficient  experimental  evidence,  and  the  follow- 
ing quotation  almost  spoiled  what  he  had  previously 
said  :  "  Comparing  the  effects  of  fire  with  those  of  time  ; 
time  dries,  consumes,  undermines,  and  reduces  to  ashes 
as  well  as  fire,  and  perhaps  to  a  much  finer  degree  ;  but 
as  its  motion  is  very  slow,  and  attacks  very  minute 
particles,  no  heat  is  perceived."  He  also  confused  the 
acrid  and  irritant  properties  of  acids,  essential  oils,  and 
the  like,  with  heat,  and  though  he  cites  many  observa- 
tions which  afford  very  strong  evidence  in  favour  of  the 
Dynamical  Theory  of  heat,  yet  we  must  give  to  Rumford 
and  Davy  the  credit  of  having  established  it  on  a 
scientific  basis. 

366.  Rumford's  Experiments.  Benjamin  Thomp- 
son, Count  Rumford,  was  engaged  by  the  Bavarian 
Grovernment  at  the  military  arsenal  in  Munich.  While 
superintending  the  boring  of  cannon,  he  was  struck  by 
the  amount  of  heat  produced  by  the  action  of  the  boring- 
bar  on  the  gun-metal  castings,  and  this  induced  him  to 
determine,  if  possible,  whether  or  not  there  existed  an 
igneous  fluid  or  caloric  to  which  the  sensation  of  heat  was 
due.  To  account  for  the  heat  developed  by  the  boring- 
bar,  the  first  source  which  presented  itself  as  that  from 
which  the  heat  might  have  been  derived,  was  the  metal 
abraded  by  the  borer.  If  this  were  the  case,  he  argued, 
the  capacity  for  heat  of  the  chips  ought  to  differ  from 
that  of  the  solid  metal  by  an  amount  sufficient  to  account 
for  the  whole  of  the  heat  generated.  To  ascertain 
whether  this  were  the  case,  he  took  equal  quantities,  viz. 
1016J  grains,  of  the  borings  and  of  thin  slips  cut  from  the 
same  block  of  metal  with  a  fine  saw.  The  slips  of  metal 
were  first  heated  to  210°  F.  and  then  plunged  into  water 
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at  a  temperature  of  59|°  F.,  contained  in  a  cylindrical  tin 
vessel.  After  one  minute  the  temperature  of  the  water 
was  63°  F.  The  tin  vessel  and  water  within  it  had 
together  the  same  capacity  for  heat  as  4590  grains  of 
water.  From  these  data  it  will  be  seen  that  the  specific 
heat  of  the  metal  was  about  '11.  The  same  experiment 
was  then  tried  with  the  metallic  chips,  and  the  same 
result  obtained  ;  moreover,  each  experiment  was  repeated 
three,  times  with  nearly  the  same  results.  From  this 
Eumford  concluded,  "  that  the  heat  produced  could  not 
possibly  have  been  furnished  at  the  expense  of  the  latent 
heat  of  the  metallic  chips." 

367.  Eumford  next  turned  up  a  hollow  cylinder  which 
was   cast  in   one   piece   with   a   brass   six-pounder,    and 
separated  from   it   by  a  narrow   neck   of   metal.      The 
weight  of  this  cylinder,  exclusive  of  the  neck  and  the 
rest  of  the  casting,  was  113*13   Ibs.     A  blunt  steel  borer 
exerted  a  pressure  against   the  bottom  of  the   cylinder 
equal  to   the  weight   of   about    10,000  Ibs.      After    the 
cylinder   had   made    24   revolutions   per  minute   for  30 
minutes,  its  mean  temperature  was  found  to  be  130°  F., 
while    its  temperature  before  the  operation  was  60°  F. 
The  borings  detached  from  the  metal  during  the  process 
amounted  to  only  837  grains. 

368.  It  then  occurred  to  Rumford  that  this  heat  might 
possibly  be  due  to  the  action  of  the  air,  and  in  order  to 
test  this  he  surrounded  the  small  cylinder  by  a  wooden 
box,  through  one  side  of  which  the   square  boring-bar 
passed,    while   the   narrow    neck   which    connected    the 
cylinder  with  the  cannon  fitted   a  circular  hole  in  the 
opposite  side  of  the  box,  in  which  it  could  turn  freely. 
About  18' 77  Ibs.  of  water  were  placed  in  the  box,  so  as  to 
completely  cover  the  cylinder,  and  the  brass  casting  was 
made  to  turn  at  the  rate  of  32  revolutions  per  minute  by 
the  action  of  two  horses,  though  Eumford  remarks  that 
one  horse  would   have  been  sufficient  for  the  work.     The 
temperature  of  the   water  at  the  commencement  of  the 
experiment  was  60°  F.  ;•  in  2J  hours  it  boiled.      Taking 
into  account  the  heat  required  to  raise  the  temperature 
of.  the  .gun-metal  cylinder  and  of  that  part  of  the  boring- 
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bar  which  was  within  the  water,  Rumford  estimated  that 
the  heat  produced  was  sufficient  to  raise  26*58  Ibs.  of 
water  from  the  freezing-point  to  the  boiling-point,  and 
this  calculation  neglected  the  heat  absorbed  by  the  box 
and  that  dissipated  by  conduction  and  radiation.  The 
quantity  of  metal  borings  produced  during  the  experiment 
amounted  to  4145  grains.  From  this  result  Rumford 
concluded  that  the  work  of  one  horse  was  capable  of  gene- 
rating heat  more  rapidly  than  nine  ordinary  wax  candles 
burning  in  the  usual  manner. 

369.  Finally  R/umford  reviewed  the  sources  from  which 
the  heat  might,  a  priori,  have  been  thought  to  have  been 
derived.     That  it  could  not  have  come  from  the  borings 
was  shown  by  the  first  experiment.     It  could  not  have 
been  due  to  the  action  of  the  air,  for   it  was   produced 
just  as  readily  when  the  whole  apparatus  was  filled  and 
surrounded  with   water.     It  could   not  have  come  from 
the   water,  for  this   received  heat,  and  no  chemical   or 
other  change  took  place  in  the  water  itself  to  account  for 
the  heat  generated.     That  the  heat  should  have  come 
from  the  boring-bar  or  neck    of  metal  connecting   the 
cylinder  with  the  gun  appeared  more  improbable  than 
the  previous  hypotheses,  for  throughout  the  experiment 
heat  was  escaping  from  the  apparatus  by  each  of  these 
channels.     Moreover,  "  the  source  of  the  heat  generated 
by  friction  in  these  experiments  appeared  evidently  to  be 
inexhaustible." 

"  It  is  hardly  necessary  to  add,  that  anything  which 
any  insulated  body,  or  system  of  bodies,  can  continue  to 
furnish  without  limitation,  cannot  possibly  be  a  material 
substance  ;  and  it  appears  to  me  to  be  extremely  difficult, 
if  not  quite  impossible,  to  form  any  distinct  idea  of  any- 
thing capable  of  being  excited  and  communicated  in  the 
manner  the  heat  was  excited  and  communicated  in  these 
experiments,  except  it  be  MOTION."  (Rumford.) 

370.  Davy's   Experiment.     About  the  same  time 
as  Rumford 's   experiments    were    published    (1798),    Sir 
Humphry  Davy  showed  that  if  -two  pieces  of  ice  were 
madej  to  rub   against  one   another,   even  in  a  vacuum, 
though  everything  surrounding  them  were  at  a  tempera- 
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ture  below  the  freezing  point,  the  pieces  of  ice  could  be 
melted  by  the  friction.  In  this  case  the  heat  could  not 
have  come  from  the  ice,  for  heat  is  absorbed  by  it  in 
fusing.  Davy  did  not,  however,  see  at  the  time  that  this 
experiment  afforded  conclusive  evidence  against  the 
theory  of  the  material  nature  of  heat. 

371.  The  experiments  of  Rumford  and  Davy  showed 
that  an  unlimited  amount  of  heat  could  be  obtained  by 
purely  mechanical  means,  and  completely  disproved  the 
material  or  caloric   theory  of  heat.      The  researches  of 
Joule  showed  that  when  heat  is  produced  by  mechanical 
means,  no  matter  how  complicated  the  mechanism  may 
be,  or    what  transformations  of  energy  take   place,  the 
quantity  or  heat  produced  is  always  proportional  to  the 
quantity  of  ENERGY  expended  in  producing  it ;  or  the  pro- 
duction of  one  unit  of  heat  always  requires  the  perform- 
ance of  the  same  number  of  units  of  work.     Since  for 
each  unit  of  heat  produced,  the  same  quantity  of  energy, 
in  some  form  or  other,  disappears,  no   matter  how  the 
process  may  be  conducted,  it  follows  that  energy  is  the 
mechanical  quantity  which  corresponds  to  heat,  the  other 
forms  of  energy  being  actually  converted  into  heat.  Thus 
heat  is  only  one  of  the  many  forms  of  which  energy  is 
susceptible. 

372.  Mechanical  Equivalent  of  Heat.  DBF.    The 
quantity  of  energy  which,  if  entirely  converted  into  heat,  is 
capable  of  raising  the  temperature  of  the  unit  mass  of  water 
from  0°  0.  to  1°  (7.,  is  called  the  mechanical  equivalent  of 
heat. 

Seguin,  a  nephew  of  Montgolfier,  was  one  of  the  first 
to  attempt  to  measure  the  mechanical  equivalent  of  heat. 
He  argued  that,  if  heat  be  energy,  when  a  steam-engine 
does  work  some  of  the  heat  of  the  steam  must  be  con- 
sumed, and,  consequently,  less  heat  will  leave  the  engine 
than  if  the  same  quantity  of  steam  were  blown  through 
without  doing  any  work.  Hirn,  in  1857,  succeeded  in 
detecting  this  difference  experimentally,  and  also  in 
measuring  it.  From  his  result,  knowing  the  amount  of 
work  done  by  the  engine,  he  calculated  approximately 
the  mechanical  equivalent  of  heat. 
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373.  Seguin,  in  1837,  endeavoured  to  determine  the 
mechanical   equivalent   of  heat    from   the  loss   of    heat 
suffered  by  steam  in  expanding,  but  he  assumed  that  the 
whole  of  this  heat  was   consumed  in  doing  work  against 
the  pressure  to  which  the  steam  was  exposed,  taking  no 
account  of  the  change   in    the   condition   of   the  steam 
itself. 

374.  In  1842,  Mayer,  a  physician  at  Heilbronn,  pub- 
lished an  attempt  to  determine  the  mechanical  equivalent 
of   heat  from  the  heat  generated  in  the  compression  of 
air  ;  but  he  made  the  same  assumption  as  Seguin.     Joule 
subsequently  showed  that  when  air  is  compressed  nearly 
the  whole  of  the  work  done  is  converted  into  heat ;  but 
this  Mayer  had  no  right  to  assume  without  experimental 
evidence.      On   account  of  errors   in   his   values   of  the 
specific  heats  of  air  at  constant  pressure  and  at  constant 
volume,  Mayer's  result  was  considerably  in  error. 

The  omission  made  by  Mayer  and  Seguin  in  their 
reasoning  on  this  subject  may  be  illustrated  by  taking  a 
somewhat  extreme  example.  Suppose  energy  expended 
in  compressing  a  helical  steel  spring ;  a  certain  amount 
of  heat  will  be  generated  on  account  of  the  imperfect 
elasticity  of  the  steel ;  but  this  will  absorb  but  a  very 
small  fraction  of  the  energy  expended  in  compressing 
the  spring.  The  rest  of  the  energy  will  be  expended  in 
changing  the  relative  positions  of  the  particles  of  steel  in 
opposition  to  the  forces  which  act  between  them.  When 
the  spring  returns  to  its  natural  form  this  energy  is  again 
liberated,  and  may  be  employed  in  doing  an  amount  of 
work  nearly  equal  to  that  done  in  compressing  the  spring. 
If  in  the  case  of  air  or  steam  there  were  forces  acting 
between  the  particles  tending  to  keep  them  in  some 
definite  position  relative  to  one  another,  and  to  oppose  any 
change  of  position,  it  would  follow  that  on  compressing 
the  material,  more  or  less  of  the  work  done  would  be 
expended  in  doing  work  against  the  molecular  forces,  and 
would  be  stored  as  potential  energy  in  the  compressed 
substance  to  be  liberated  in  doing  external  work  when 
the  pressure  is  relieved.  The  amount  of  heat  (kinetic 
energy)  produced  by  the  compression  would  consequently 
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FIG.  51. 


be  less  than  the  equivalent  of  the  work  done  in  compres- 
sion by  the  amount  of  potential  energy  so  accumulated. 
When  Joule  showed  that  no  potential  energy  was 
liberated  when  air  expanded  into  vacuum  (Art.  387),  he 
also  proved  that  no  forces  were  exerted  between  the 
particles  of  air  at  their  ordinary  distances  apart. 

375.  To  Dr.  Joule,  of  Manchester,  belongs  the  credit 
of  having  first  determined  the  mechanical  equivalent  of 
heat  with  great  accuracy  by  a  course  of  investigation 
which  was  logically  complete.  His  best  known  experi- 
ments were  carried  out  in  ,1849,  and  consisted  in  deter- 
mining the  amount  of  heat  generated  by  the  friction 
of  a  metal  paddle  in  vessels  containing  water  and  mer- 
cury, and  also  by  the  friction  of  bevel  wheels  of  cast  iron 
against  each  other,  the  amount  of  work  expended  in 
driving  the  apparatus  being  measured.  The  arrangement 
employed  to  produce  friction  in  water  consisted  of  eight 
paddles  made  to  revolve  in  a  cylin- 
drical box  of  water  between  stationary 
vanes,  as  in  an  ordinary  churn.  The 
forms  of  the  paddles  and  vanes  are 
shown  in  Fig.  51.  The  paddles  were 
made  to  revolve  by  a  weight  which 
in  its  descent  turned  a  roller,  around 
which  part  of  a  string  was  wound, 
another  part  of  the  same  string  being 
wound  round  the  cylinder  J.,  which 
could  be  coupled  by  a  pin  B  to  the 
paddle.  "When  the  weight  had  run 
down  it  was  wound  up  by  turning  the 
handle  H  after  removing  the  pin  J3, 
when,  the  coupling  being  removed, 
the  paddle  was  unaffected  by  the 
motion  of  the  handle.  The  mass  of 
the  driving  weight  being  known,  as  well  as  the  whole 
distance  through  which  it  fell,  the  whole  amount  of  work 
done  upon  the  apparatus  was  determined  in  foot-pounds, 
and  allowance  made  for  all  resistances  outside  the  box 
containing  the  water,  and  for  the  small  amount  of  kinetic 
energy  possessed  by  the  weights  when  they  struck  the 


MECHANICAL  EQUIVALENT  OF  HEAT.          237 

ground.     The  temperature  of  the  water  in  the  vessel  was 
observed  during  the  experiment,  and  thermometers  which 

could  be  read  to  oKK°F.   were  employed  ;  the  amount  of 


water,  as  well  as  the  capacity  for  heat  of  the  vessel  and 
paddle,  were  carefully  measured,  and  allowance  made  for 
conduction.  These  experimental  data  are  all  that  are 
required  for  the  determination  of  the  mechanical  equi- 
valent of  heat,  and  the  results  showed  that  the  amount 
of  work,  which  must  be  entirely  converted  into  heat,  in  order 
to  raise  the  temperature  of  one  pound  of  water  1°  C.  from 
0°£,  is  1390-846  foot-pounds. 

376.  The  apparatus  employed  by  Joule    for  stirring 
mercury  was  similar  to  that  described  in  the  last  article, 
but  somewhat  smaller  and  made  of  iron.     In  another  set 
of  experiments  he  employed  cast-iron  wheels,  bevelled  so 
as  to  form  portions  of  a  hollow  and  of  a  solid  cone,  and 
these  were  made  to  grind  against  one  another,  the  solid 
cone  being  pressed  into  the  other  by  means  of  a  lever, 
and  the  rotation  kept  up  by  a  falling  weight.     Two  sets 
of  weights  were  employed  in  different  experiments,  the 
larger  pair  being  about  58  Ibs.  and  the  smaller  19J-  Ibs. 

377.  The   extreme   results   of   all   these    experiments 
varied  by  little  more  than  one  -half  per  cent.,  although  the 
experiments  differed  so  widely  in  their  details,  and  from 
them  Joule  inferred  that  "  the  amount  of  heat  produced 
by  friction  is  proportional  to  the  work  done  and  inde- 
pendent of  the  rubbing  surfaces,"  and  that  the  mechanical 
equivalent  of  heat  is  about  1390  foot-pounds. 

Hence,  according  to  Joule, 

If  the  amount  of  heat  required  to  raise  a  pound  of  water 
from  0°  C.  to  1°  C.  be  taken  as  the  unit  of  heat,  the  mechanical 
equivalent  of  heat  is  1390  foot-pounds. 

This  is  usually  denoted  by  J. 

If  a  quantity  of  water  fall  freely  through  1390  feet,  the 
heat  produced  in  bringing  it  to  rest  would  raise  the  tem- 
perature of  the  water  through  1°  C. 

378.  The  experiments  just  cited  afford  the  most  satis- 
factory determinations  of  the  mechanical  equivalent  of 
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heat,  but  were  not  the  first  of  Joule's  experiments  on  the 
subject.  In  1840  Joule  showed  that  if  a  magneto-electric 
machine  were  employed  to  produce  an  electric  current, 
and  the  energy  of  the  current  entirely  converted  into  heat 
in  the  conductors  through  which  it  passed,  the  amount  of 
heat  so  produced  was  the  same  as  if  the  energy  employed 
in  driving  the  machine  had  been  directly  converted  into 
heat  by  friction  or  other  mechanical  means,  without  the 
intervention  of  the  current.  He  also  showed  that  the 
whole  heat  generated  in  a  voltaic  circuit  was  proportional 
to  the  work  done  by  the  electro-motive  force  of  the 
battery. 

379.  Knowing  the  mechanical  equivalent  of  heat,  we 
can  determine  the  amount  of  heat  generated  in  any 
mechanical  action  if  we  know  the  number  of  foot-pounds 
of  energy  transformed. 

For  example,  the  amount  of  heat  which  would  be  pro- 
duced by  the  fall  of  100  tons  of  stone  through  a  vertical 
height  of  1000  feet  down  the  side  of  a  mountain,  sup- 
posing the  mass  to  come  to  rest  at  the  end  of  this  distance, 

.      ,  ,  P  2240  x  100  x  1000 

would  raise  the  temperature  of          —  —  pounds, 


or,  161,151  pounds,  of  ice-cold  water  1°  C.,  or  would  convert 
about  253  Ibs.  of  water,  initially  at  0°  C.,  into  steam  at 
100°  C. 

(In  this  case,  as  explained  above,  the  potential  energy 
initially  possessed  by  the  earth  and  stone,  on  account  of 
their  relative  positions,  is  converted  into  kinetic  energy  in 
the  fall,  and  this  into  heat  or  thermic  energy,  by  striking 
the  ground.) 

380.  Specific  Heats  of  Air.  We  have  seen  that 
work  may  be  readily  converted  entirely  into  heat.  Heat 
must  therefore  be  of  the  same  nature  as  work  —  that  is,  a 
form  of  energy  ;  and  by  means  of  its  mechanical  equiva- 
lent, quantities  of  heat  and  of  other  forms  of  energy 
become  comparable. 

As  work  can  be  converted  into  heat,  so,  by  proper  ap- 
pliances, heat  may  be  converted  into  work.  An  appliance 
for  this  purpose  is  called  a  heat-engine.  Steam-engines, 
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hot-air  engines,  gas-engines  and  the  like,  are  forms  of  heat 
engines.  The  conversion  of  heat  into  work  may  be  shown 
by  taking  a  quantity  of  air  compressed  in  a  tall  cylinder 
by  a  number  of  weights  placed  upon  a  piston  which  fits 
it.  By  removing  the  weights  one  by  one  the  air  will 
expand,  and  in  doing  so  will  lift  the  weights  left  on  the 
piston,  and  therefore  do  work.  If  the  weights  be  removed 
in  sufficiently  quick  succession,  the  air  will  be  found  to  be 
cooled  by  its  expansion.  Now,  Joule  showed  that  when 
air  expanded  into  vacuum,  and  consequently  did  no 
external  work  during  its  expansion,  its  temperature  was 
on  the  whole  unaffected.  Hence,  the  fall  of  temperature 
of  the  air  lifting  the  weight  must  be  due  to  a  conversion 
of  part  of  its  heat  into  work.*  Again,  it  is  found  that 
more  heat  is  required  to  raise  the  temperature  of  a  mass 
of  air  through  a  given  number  of  degrees  when  it  is 
allowed  to  expand  against  a  constant  pressure  than  when 
its  volume  is  kept  constant ;  in  other  words,  the  specific 
heat  of  air  at  constant  pressure  is  greater  than  its  specific 
heat  at  constant  volume.  But  its  temperature  is  un- 
affected by  change  of  volume  when  it  does  no  external 
work,  though  no  heat  is  allowed  to  enter  or  leave  it. 
Hence,  the  difference  between  the  two  specific  heats  must 
be  due  to  the  heat  converted  into  external  work  when  the 
gas  is  allowed  to  expand. 

381.  The  experiment  by  which  Joule  showed  that  the 
whole  of  the  heat  absorbed  by  a  gas  expanding  at  constant 
pressure  was  consumed  in  doing  external  work,  was 
undertaken  in  order  to  justify  one  of  his  modes  of  deter- 
mining the  mechanical  equivalent  of  heat.  Air  at  a 
pressure  of  22  atmospheres  was  allowed  to  escape  from  a 
vessel  through  a  coil  of  very  fine  lead  tube,  and  finally  to 
escape  into  the  air.  The  vessel  containing  the  compressed 
air  was  placed  in  a  calorimeter,  as  was  also  the  tube,  and 
the  heat  produced  by  the  escape  of  the  air  measured. 

*  The  molecular  theory  of  gases  completely  explains  this  result, 
because  when  the  piston  is  rising  it  is  moving  in  the  direction  in 
which  the  particles  of  gas  strike  it ;  they  therefore  rebound  with 
diminished  velocity,  and  although  they  behave  like  perfectly  elastic- 
balls,  they  lose  energy,  that  is,  they  lose  heat,  by  the  impact. 
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The  energy  required  to  compress  the  air  in  the  vessel 
could  be  easily  calculated,  and  to  complete  the  determina- 
tion it  was  only  necessary  to  know  that  no  heat  is  con- 
sumed by  air  in  expanding  at  constant  temperature  when 
it  does  no  work.  To  test  this,  Joule  connected  together 
two  equal  vessels,  one  containing  air  at  a  pressure  of  22 
atmospheres,  and  the  other  exhausted.  The  vessels  were 
placed  in  a  calorimeter,  and  on  opening  the  communica- 
tion between  the  two,  so  as  to  allow  the  air  to  expand, 
no  change  took  place  in  the  temperature  of  the  water. 
When  the  two  vessels  were  placed  in  separate  calori- 
meters, the  water  in  that  containing  the  compressed  air 
vessel  became  cooled,  while  that  in  the  other  became 
heated  to  the  same  extent. 

382.  From  what  we  have  said,  it  will  appear  that  the 
mechanical  equivalent  of  heat  enables  us,  if  we  know  the 
specific  heat  of  air  at  constant  pressure,  to  determine  its 
specific  heat  at  constant  volume.  The  method  will  be 
made  clear  by  the  following  example  :— 

Suppose  a  cubic  foot  of  air  under  a  pressure  of  15  Ibs. 
weight  per  square  inch  and  at  10°  C.  to  weigh  1  J  oz., 
and  suppose  its  specific  heat  at  constant  pressure  to  be 
•237.  Let  the  air  be  placed  in  a  cylinder  closed  by  a 
piston  whose  area  is  one  square  foot,  the  weight  of  the 
piston  being  so  counterpoised  that  the  pressure  on  the 
air  in  the  cylinder  is  equal  to  the  weight  of  15  Ibs.  on  each 
square  inch.  Then  the  whole  pressure  of  the  air  on  the 
piston  will  be  equal  to  the  weight  of  144  x  15  Ibs.,  that  is, 
of  2160  Ibs.  Now  let  the  air  be  heated  to  100°  C.  It 

373 
will  then  expand  (Art.   132)  till  its  volume  is  ^—  -  cubic 


90 
feet,  and  will  therefore  raise  the  piston  through  —  —  feet. 

zoo 

Hence,  the  work  done  by  the  air  in  expanding  will  be 
9°  foot-pounds,   or   about   687   foot-pounds.      The 


o 

283 

mechanical  equivalent  of  heat  being  1390  foot-pounds,  the 
amount  of  heat  consumed  in  doing  this  work  would  raise 

91  fifl  v  QO 
the  temperature  of  ^  *  ^  POUIlds  of  wate*"  1°0. 
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Now,  the  mass  of  air  heated  is  1^  oz.  or  ^  .  of  a  pound, 

and  its  temperature  is  raised  through  90°  C.,  its  specific 
heat  being  '237.  The  amount  of  heat  employed  would 
therefore  raise  through  1°  C.  the  temperature  of 
5  x  90  x  -237  lbg  of  water^  Qr  of  1.666  lbg  of  water  But 
o4 

2160  x  90 
of  this  number  of  units  of  heat,  —  —  —  T-QOHJ  or  '4942  units 


are  consumed  in  doing  external  work.  Therefore  the 
amount  employed  in  actually  raising  the  temperature  of 

Jt  lb.  of  air  through  90°  C.  is  1/6666  -  -4942,  or  11724 
64 

units.  But  since  air  is  not  cooled  by  expansion  if  it  do 
no  external  work,  this  amount  is  the  same  as  would  be 
required  to  raise  the  temperature  of  the  same  air  to  the 
same  extent  if  its  volume  were  kept  constant.  Hence,  to 

raise  the  temperature  of  —  ^  .  lb.  of  air  through  90°  C.  at 

constant  volume,  we  require  1*1724  units  of  heat,  and  the 
specific  heat  of  air  at  constant  volume  is  therefore 
11724x64 


From  this  we  see  that  the  ratio  of  the  specific  heat  of 
air  at  constant  pressure  to  its  specific  heat  at  constant 

237 

volume  is  '""'  —  =  1*42...     According  to  the  best  experi- 
•lob... 

ments,  the  value  of  this  ratio  for  air  and  other  permanent 
gases  is  between  1'41  and  T42. 

383.  Heat  Engines.  "We  have  said  that  heat 
engines  are  capable  of  converting  heat  into  work,  and 
this  is  usually  effected  by  taking  advantage  of  the  ex- 
pansion of  some  substance  when  heated.  This  substance 
is  called  the  working  substance.  If  the  engine,  after  a 
complete  stroke,  leaves  the  working  substance  in  the 
same  state  in  which  it  finds  it,  so  that  it  is  capable  of 
employing  the  same  substance  an  indefinite  number  of 
times  in  succession,  the  substance  is  said  to  go  through  a 
complete  cycle  of  changes  ;  as,  for  instance,  when  the 

G.  H.  R 
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waste  steam  from  an  engine  is  condensed  and  returned  to 
the  boiler. 

384.  An  engine  can  convert  heat  into  work  only  by 
allowing  heat  to  pass  into  the  working  substance  from  a 
source  at  a  high  temperature,  and  allowing  part  of  this- 
to  escape  from  the  substance  to  a  condenser  at  a  lower 
temperature.    Thus,  the  engine  cannot  ectyert  the  whole 
of  the  heat  it  receives  from  the  source  into  work. 

The  ratio  of  the  amount  of  heat  which  an  engine  converts 
into  work  to  the  amount  received  from  the  source,  is  called 
the  EFFICIENCY  of  the  engine. 

In  measuring  the  efficiency  of  an  engine,  the  working 
substance  is  supposed  to  be  left  by  the  engine  in  the  same 
condition  as  to  temperature  and  volume  as  that  in  which 
it  was  found  by  it.  Otherwise  the  engine  might  utilize 
some  of  the  energy  contained  in  the  substance  itself,  and  so 
leave  it  deprived  of  part  of  its  energy,  as  when  air  does 
work  in  expanding  under  a  continually  diminishing 
pressure  without  receiving  any  heat  from  without. 

385.  If  two  bodies  at  different  temperatures  be  placed 
in  contact,  heat  will  pass  from  the  hot  to  the  cold  body 
without  doing  any  work  on  the  way.     We  might  thus 
allow  the  whole  of  the  heat  from  the  source  to  pass  into 
the  condenser  without  doing  any  work.     In  order,  then, 
to  make  the  most  of  the  heat  supplied  by  the  source,  we 
must  so  arrange  matters  that  when  heat  passes  from  the 
source  into  the  working  substance,  or  from  the  working 
substance  to  the  condenser,  the  difference  of  temperature 
in  each  case  is  the  least  possible.     The  efficiency  of  the 
engine  will  then  be  a  maximum. 

386.  Absolute  Scale  of  Temperature.     It  can  be 

shown  that  if  this  difference  of  temperature  could  be 
made  indefinitely  small,  and  no  heat  be  allowed  to 
leave  the  working  substance  by  radiation  or  conduction, 
except  that  which  enters  the  condenser,  the  efficiency 
of  the  engine  would  be  very  nearly  proportional  to  the 
difference  between  the  temperatures  of  the  source  and 
condenser  divided  by  the  temperature  of  the  source, 
reckoned  from  the  absolute  zero  of  the  air  thermometer. 
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A  scale  of  temperature  for  which  this  proportionality  is 
exact  instead  of  approximate  is  known  as  Thomson's  ab- 
solute scale  of  temperature,  having  been  first  proposed 
by  Sir  William  Thomson.  The  difference  between  it  and 
the  scale  of  the  air  thermometer,  described  in  Art.  151,  is 
almost  insensible.  This  scale  is  independent  of  the  pro- 
perties of  any  particular  substance,  and  is  therefore  en- 
titled to  be  called  the  absolute  scale  of  temperature.  An 
engine  which  fulfils  the  above  condition  is  said  to  be 
reversible,  because  by  an  indefinitely  small  change  in  the 
temperature  of  the  working  substance,  the  flow  of  heat 
and  every  action  of  the  engine  can  be  reversed,  provided 
that  an  amount  of  energy  be  expended  by  an  external 
agent  which  is  exactly  equivalent  to  the  work  done  by 
the  engine  when  working  forwards  for  the  same  number 
of  strokes. 

387.  Reversible  Engine.  Suppose  an  engine,  ivhich 
satisfies  the  above  conditions,  to  be  supplied  by  heat  from  a 
source  at  250°  GY.,  and  to  give  out  heat  to  a  condenser  at 
100°  'C.  Suppose  also  that  the  engine  works  at  the  rate  of 
10  horse-power  ;  it  is  required  to  find  the  amount  of  heat 
taken  from  the  source  and  the  amount  given  out  to  the  con- 
denser per  hour. 

250  —  100 
The  measure  of  the  efficiency  of  the  engine  is  -^ 


or  =rr     Now,  the  work  done  per  hour  is  33000  x  10  x  60 

oZo 

foot-pounds,  or  19,800,000  foot-pounds,  and  this  implies  the 


1  Q 
conversion  into  work  of  ,  or   14244-6...,  units  of 


heat.     But  only  „—  of  the  heat  received  is  converted  into 


070 

work,  while  the  remaining  -^  of  the  heat  is  given  out 


to  the  condenser.     Hence,  the  number  of  units  of  heat 

523 

received  per  hour  from   the  source   is   14244-6  x  --_  ,  or 

49666-1...,  and  the  amount  given  out  to  the  condenser 
is  this  quantity  less  that  converted  into  work,  viz.  — 
35421-5...  units. 
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388.  Dissipation    of    Energy.      From    what    we 
have  said  it  will  appear  that  our  ability  to  convert  heat 
into  work  depends  on  our  power  of  commanding  differ- 
ences of  temperature,  and  the  availability  of  any  quantity 
of  heat  for  useful  purposes  depends  upon  the  difference 
between  the  temperature  of  the  body  containing  it  and 
the  lowest  temperature  we  can  command.     Now,  if  we 
have  a  hot  and  cold  body  and  a  heat  engine,  part  of  the 
heat  of  the  hot  body  can  be  converted  into,  or  is  available 
for,  work  ;  but  if  the  bodies  be  placed  in  contact,  they  will 
eventually  attain  the  same  temperature,  and  though  no 
heat  has  been  lost  by  the  two  together,  yet  that  which 
they  contain  is  no  longer  available  for  conversion  into 
work  without  the  introduction  of  a  colder  body.     If  we 
could  obtain  no  differences  of  temperature,  heat  engines 
would   have   no   existence.      Thus,    although  the  whole 
amount  of  energy  possessed  by  a  system  of  bodies  unacted 
upon  by  anything  from  without  remains  unaltered,  yet 
the  availability  for  doing  external  work  of  this  energy  is 
continually  diminishing.     The  principle  involved  in  this 
statement  is  called  the  principle   of  the   Dissipation  of 
Energy. 

389.  The   following   example   is   interesting   since  it 
fairly  represents  the  working  of  some  of  the  best  con- 
densing engines  of  a  few  years  ago. 

An  engine  consumes  If  Ib.  of  coal  per  indicated  horse- 
power per  hour.  The  heat  developed  by  the  combustion  of 
1  Ib.  of  coal  is  capable  of  converting  15  Ibs.  of  water  at 
C.  i 


100°  C.  into  steam  at  the  same  temperature.      Find  what 
fraction  of  the  wh 
tvorJc  hi  the  engine. 


fraction  of  the  whole  heat  generated  is  employed  in  doing 
the 


To  evaporate  15  Ibs.  of  water  requires  15  x  537,  or  8055, 
units  of  heat.  Hence,  If  Ib.  of  coal  develops  by  combus- 
tion 1  4,096  J  units  of  heat,  and  this  amount  is  equivalent 
to  14,096J  x  1390,  or  19,593,787^,  foot-pounds  of  energy. 

But  one  horse-power  sustained  for  one  hour  means 
33,000  x  60,  or  1,980,000,  foot-pounds  of  work.  The  ratio 
of  the  work  done  to  the  mechanical  equivalent  of  the  heat 
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developed  —  that  is,  the  efficiency  of  the  engine  —  is,  there- 

fore'  or  aboufc  101  Per  cent- 

The  engine  however  is  not  responsible  for  the  whole  of 
the  heat  wasted.  At  least  30  per  cent,  of  the  heat  is  lost 
through  the  inefficiency  of  the  boiler. 

390.  If  the  temperature  in  the  boiler  be  150°  0., 
and  that  in  the  condenser  30°  0.,  we  may  compare  the 
efficiency  of  the  engine  with  that  of  a  perfect  engine 
working  between  the  same  limits  of  temperature,  thus  :— 

The  efficiency  of  the  perfect  engine  will  be  denoted  by 

120       40 

or  -—  .     The  efficiency  of  the  engine  in  question  is 


about  -101.     The  ratio  is  therefore  101  x  ~  t,  or  about  '356. 

This  shows  that  considerable  improvement  may  yet  be 
effected  in  the  efficiency  of  steam-engines  before  we  reach 
the  theoretical  limit  corresponding  to  the  temperature  of 
our  boilers. 

Triple  expansion  engines,  working  with  steam  at  160 
Ibs.  pressure,  will  give  an  indicated  horse-power  for  1*2 
Ibs.  of  coal  per  hour. 

391.  From  what  has  been  said,  it  appears  that  the 
efficiency  of  an  engine  may  be  expected  to  improve  if  the 
difference  of  temperature  between  the  boiler  and  the  con- 
denser can  be  increased,  and  that  for  the  same  difference 
of  temperature  the  efficiency  will  be  greater  the  lower 
the  temperature  of  the  boiler.  Hence,  condensing  engines 
are  more  efficient  than  engines  in  which  the  steam  blows 
off  into  the  air  at  a  temperature  above  100°  C. 

With  a  condensing  engine  it  is  not  easy  to  keep  the 
temperature  of  the  condenser  below  about  30°  C. 
Hence,  to  keep  the  difference  as  great  as  possible,  we 
must  raise  the  temperature  of  the  boiler.  The  diminu- 
tion of  the  tensile  strength  of  the  boiler  plates  at  high 
temperatures,  and  the  injury  inflicted  on  the  cylinder, 
lubricants,  and  packing,  by  steam  at  very  high  tempera- 
ture, however,  assign  a  pretty  definite  limit  to  the  boiler 
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temperature,  and  it  is  very  seldom  indeed  that  a  tempera- 
ture much,  exceeding  200°  C.  is  permitted. 

An  inferior  limit  to  the  temperature  of  the  condenser 
is,  of  course,  afforded  by  the  temperature  and  quantity  of 
the  water  available  for  condensing,  but  a  higher  limit  is 
frequently  assigned  by  the  fact  that  the  condensed  steam 
becomes  the  feed  water,  and  is  forced  back  into  the  boiler. 
If  the  feed  water  enters  the  boiler  at  too  low  a  tempera- 
ture, the  local  cooling  produced  has  a  very  injurious  effect 
on  the  plates.  In  consequence  of  this,  as  well  as  to  avoid 
the  necessity  of  employing  very  large  quantities  of  con- 
densing water,  it  is  not  uncommon  to  keep  the  tempera- 
ture of  the  hot  well,  and  therefore  of  the  interior  of  the 
condenser,  at  about  50°  C. 

392.  The  Separate  Condenser.  In  Newcomen's 
pumping  engine,  steam  was  employed  beneath  the  piston 
simply  to  raise  the  piston  against  the  pressure  of  the 
atmosphere,  and  at  the  same  time  the  weight  of  the  pump 
rods  suspended  from  the  other  end  of  the  beam  forced  up 
the  water  from  the  mine  or  well  as  the  rods  descended. 
Cold  water  was  then  injected  into  the  cylinder  condensing 
the  steam,  and  the  atmospheric  pressure  forced  down  the 
piston,  raising  the  pump  rods  in  readiness  for  another 
stroke.  But  the  cold  water  in  the  cylinder  cooled  the 
metal,  and  a  large  quantity  of  steam  had  to  be  blown  into 
the  cylinder  to  raise  its  temperature  again  to  100°  C.5 
before  the  piston  could  be  lifted  for  the  next  stroke. 
This  entailed  a  great  waste  of  heat.  James  Watt's 
greatest  invention  consisted  in  the  application  of  the 
separate  condenser,  which  is  a  chamber  kept  cool  either 
by  the  application  of  cold  water  to  its  exterior  (as  in 
surface  condensers)  or  by  the  injection  of  cold  water  into 
the  chamber,  or  by  both  these  methods.  When  the  ex- 
haust port  is  opened,  the  steam  in  the  cylinder  has  free 
access  to  the  condenser,  and  in  accordance  with  the  prin- 
ciple explained  in  the  chapter  on  Evaporation,  the  pressure 
of  the  steam  in  the  cylinder  must  fall  to  that  due  to  the 
temperature  of  the  coldest  part  of  the  enclosure  to  which 
the  steam  has  access.  The  separate  condenser  is  there- 
fore as  efficient  in  condensing  the  steam  of  the  cylinder  as 
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though  the  condensing  water  were  injected  into  the  cylin- 
der itself,  while  the  high  temperature  of  the  cylinder  is 
maintained, 

393.  It  is  usual  to  cut  off  the  supply  of  steam  from 
the  boiler  long  before  the  stroke  of  the  engine  has  been 
completed,    and  then  to  allow  the  steam  imprisoned  in 
the  cylinder  to  expand,  and  thus  drive  the  piston  through 
the  rest  of  its  stroke.     In  a  high-pressure  engine  which 
exhausts  only  into  the  air,  it  would  be  useless  to  allow 
the  expansion  to  continue  until  the  pressure  is  less  than 
atmospheric  pressure,  since  it  must  be  raised  to  atmospheric 
pressure  when  the  exhaust  port  is  opened ;  but  in  con- 
densing  engines   the  steam  may  be  allowed  to  expand 
until  the  pressure  is  very  little  more  than  that  due  to 
the  temperature  of  the  condenser,  and  in  some  classes  of 
engines  (pumping  engines,  for  example)  it  is  not  unusual 
to  allow  the  steam  to  expand  from  a  total  pressure  of,  say, 
60  Ibs.  on  the  square  inch  to  a  pressure  of  only  3  or  4  Ibs. 
The  temperature  of  the  cylinder  being  kept  considerably 
above  100°  C.,  while  its  interior  is  in  communication  with 
the  condenser  (at,  say,  50°  C.)  for  half  the  time  during 
which  the  engine  is  working,  it  follows  that  any  water 
which  finds  its  way  into  the  cylinder  will  immediately 
distil   over   into   the   condenser,  and  the  interior  of  the 
cylinder  will  remain  practically  dry.     Hence,  when  the 
steam  in  the  cylinder  is  allowed  to  expand,  no  evapora- 
tion takes  place,  so  as  to  provide  more  steam  to  keep  up 
the  pressure,  and  the  pressure  falls  very  nearly  in  accord- 
ance with  Boyle's  law.     To  maintain  the  temperature  of 
the    cylinder,   it   is    necessary   that   it   should   be   very 
efficiently  jacketed  with  steam  at  full  boiler  pressure. 

394.  In   some   steam    turbines   which   have   recently 
been  constructed  by   Messrs.    C.  A.  Parsons  &  Co.,  the 
pressure  in  the  condenser  is  kept  down  so  as  to  be  little 
more  than  one  inch  of  mercury,  or  less  than  half  a  pound 
on  the  square  inch.     In  these  turbines  the  steam  actually 
expands  in  the  working  drum  to  150  times  its  original 
volume  or  more,  and  is  so  cooled  by  the  expansion  that 
its  temperature  is  scarcely  above  blood  heat  when  it  leaves 
the  turbine.     In  the  cast-iron  case  surrounding  the  low- 
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pressure  blades  there  are  inspection  holes,  which  are 
covered  with  very  thin  brass  plates  to  one  side  of  which 
the  steam  has  free  access.  The  back  of  the  hand  can  be 
laid  on  the  other  side  with  perfect  comfort  while  the 
engine  is  running,  and  the  warmth  experienced  is  due  to 
conduction  from  other  parts  of  the  case  rather  than  from 
the  steam  itself  ;  for  the  heavier  the  load  on  the  engine, 
and  the  more  steam  there  is  consequently  flowing  through 
the  drum,  the  cooler  are  the  plates,  showing  that  the 
steam  carries  off  the  heat  which  is  brought  to  the 
brass  plates  by  conduction  from  the  high-pressure  portion 
of  the  engine. 

'   395.     Specific   Heat   of   Saturated    Steam.     If   a 

quantity  of  saturated  vapour  be  compressed,  and  no  heat 
be  allowed  to  escape  from  it,  its  temperature  will  be 
raised  by  the  heat  generated  by  the  compression,  and 
at  the  same  time  its  pressure  will  be  increased.  It  may 
happen  that  the  increase  of  temperature  more  than 
compensates  for  the  diminished  volume  and  increased 
pressure,  in  which  case  the  vapour  will  remain  dry, 
and  will,  in  fact,  cease  to  be  saturated  (becoming  super- 
heated). On  the  other  hand,  it  may  happen  that  the  in- 
crease of  temperature  does  not  compensate  for  the  increased 
pressure,  and  in  this  case  partial  condensation  will  take 
place.  The  latter  alternative  is  the  case  with  alcohol 
vapour ;  but  if  steam  be  suddenly  compressed  so  that  no 
heat  escapes,  the  consequent  rise  of  temperature  more 
than  compensates  for  the  increase  of  pressure,  and  the 
steam  becomes  superheated.  In  order  therefore  to  keep 
the  steam  saturated,  as  its  pressure  is  increased  and  volume 
diminished,  it  is  necessary  to  abstract  heat  from  the  steam. 
Hence,  if  a  quantity  of  saturated  steam  has  its  tempera- 
ture raised  and,  at  the  same  time,  its  pressure  increased 
and  volume  diminished,  so  that  it  remains  saturated,  heat 
must  be  abstracted  from  it.  In  other  words,  that  the 
steam  may  remain  saturated,  increase  of  temperature 
must  be  accompanied  by  loss  of  heat.  Similarly,  decrease 
of  temperature,  involving  expansion  and  diminution  of 
pressure,  will  necessitate  the  communication  of  heat  to 
the  steam  if  partial  condensation  is  to  be  prevented. 
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These  results  are  sometimes  expressed  by  the  somewhat 
curious  statement  that  the  specific  heat  of  saturated  steam 
is  negative.  This  phrase,  of  course,  simply  implies  that 
during  compression  the  work  done  on  saturated  steam 
raises  the  temperature  more  than  is  consistent  with  satu- 
ration, and  to  preserve  the  steam  saturated  heat  must  be 
abstracted  ;  while  the  reverse  is,  of  course,  the  case  during 
expansion. 

396.  Steam  Jackets.  If  saturated  steam  be  allowed 
to  expand,  doing  the  full  amount  of  work  of  which  it  is 
capable  during  the  expansion,  it  loses  so  much  heat  that, 
notwithstanding  its  increased  volume,  partial  condensation 
takes  place.  When  this  happens  in  the  cylinder  of  an 
engine  working  expansively,  some  of  the  steam  pressure 
must  be  lost  unless  means  are  taken  to  prevent  conden- 
sation. One  method  consists  in  surrounding  the  cylinder 
with  a  steam  jacket,  which  keeps  up  the  temperature  of 
the  contents  of  the  cylinder  by  heat  conducted  through 
the  sides  of  the  cylinder.  The  principal  difficulty  con- 
sists in  causing  the  steam  to  take  up  the  heat  with  suffi- 
cient rapidity. 

If  a  quantity  of  air  be  allowed  to  expand  and  do  work, 
and  its  temperature  be  kept  constant  meanwhile,  an 
amount  of  heat  will  have  to  be  given  to  it  equivalent  to 
the  work  done  by  it  in  expanding,  and  very  nearly  the 
same  will  be  the  case  with  steam.  Hence,  in  a  jacketed 
cylinder,  if  the  temperature  of  the  steam  be  kept  constant 
throughout  the  stroke,  the  heat  received  from  the  steam 
jacket  must  be  the  equivalent  of  the  whole  work  done 
during  the  expansion  ;  so  that  this  amount  of  work  is  not 
obtained  at  the  expense  of  the  heat  of  the  working  steam, 
but  at  that  of  the  steam  employed  in  the  jacket,  and  it  is 
plain  that,  though  loss  of  heat  from  the  outside  of  the 
cylinder  may  be  nearly  prevented,  a  considerable  amount 
of  steam  will  have  to  be  supplied  to  the  jacket  to  furnish 
the  heat  required  by  the  expanding  steam  within.  Where 
the  temperature  of  the  boiler  is  not  too  high,  and  the 
steam  may  be  conveniently  heated  by  the  products  of 
combustion  before  they  enter  the  chimney  shaft,  the  em- 
ployment of  superheated  steam  is  probably  more  econo- 
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mical  than  steam  jacketing.  In  the  steam  turbine 
referred  to  above,  superheating  the  steam  through  rather 
less  than  40°  C.,  so  as  just  to  prevent  condensation  in  the 
working  cylinder,  very  much  increased  the  efficiency  of 
the  engine. 

397.  Compound  Engines.  When  steam  expands 
in  an  un jacketed  cylinder,  it  does  not  avoid  loss  or  gain 
of  heat  during  the  expansion,  for  the  very  hot  steam 
entering  from  the  boiler  finds  the  cylinder  at  a  lower 
temperature,  and  gives  up  some  of  its  heat  to  the  colder 
metal,  at  once  introducing  a  dissipation  of  energy,  and 
causing  partial  condensation  if  the  steam  be  not  super- 
heated. Towards  the  end  of  the  expansion  the  steam 
cools  below  the  temperature  of  the  cylinder,  and  some  of 
the  heat  is  restored  to  it,  but  the  restoration  again  means 
the  flow  of  heat  from  a  hotter  to  a  colder  body,  and 
energy  is  again  dissipated.  Some  of  the  steam  originally 
condensed  may  be  re-evaporated,  but  this  taking  place  at 
a  lower  temperature  the  steam  will  have  lost  the  oppor- 
tunity of  doing  the  work  it  would  have  done  if  it  had 
expanded  from  the  high  temperature  and  pressure. 
Hence,  the  great  variation  of  temperature  which  takes 
place  in  steam  which  undergoes  a  high  rate  of  expansion 
causes  an  alternating  flow  of  heat  to  and  from  the  walls 
of  the  cylinder,  and  this  involves  dissipation  of  energy. 
To  overcome  this  difficulty  it  is  necessary  to  reduce  the 
range  of  temperature  which  obtains  within  the  cylinder, 
and  this  is  effected  in  the  compound  engine  by  allowing 
the  expansion  to  take  place  in  two  stages  and  in  two 
separate  cylinders.  The  steam,  for  instance,  may  expand 
to  2J  times  its  original  volume  in  the  high-pressure 
cylinder,  the  expansion  being  accompanied  by  a  corre- 
sponding fall  of  temperature,  the  extent  of  which  will  not 
be  very  great.  It  is  then  admitted  into  the  low-pressure 
cylinder,  which  is  always  at  a  lower  temperature  than 
the  other,  and  may  there  again  expand  to  2|  times  its 
volume,  giving  a  total  expansion  to  6J  times  the  original 
volume.  Where  very  high  ratios  of  expansion  take 
place,  as  in  modern  marine  engines,  three  cylinders  are 
employed  in  succession,  forming  "  triple  expansion " 
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engines,  so  as  still  further  to  sub-divide  the  range  of 
temperature,  and  in  some  cases  quadruplex  expansion  is 
adopted.  With  such  engines  steam  may  be  expanded  to 
thirty  times  its  original  volume  ;  but  if  this  expansion 
took  place  in  a  single  cylinder,  the  capacity  of  the  cylinder 
would  have  to  be  sufficient  to  allow  of  the  full  expansion, 
while  its  strength  would  have  to  be  proof  against  the  full 
boiler  pressure  of  the  steam,  thus  necessitating  an  enor- 
mous mass  of  metal,  in  which  the  steam  would  be  exposed 
to  a  very  wide  range  of  temperature,  and  the  consequent 
dissipation  of  heat  would  be  very  great.  In  the  steam 
turbine,  in  which  the  steam  expands  to  150  times  its 
original  volume,  the  high-pressure  steam  is  always  at  one 
end  of  the  cylinder  or  drum,  and  the  low-pressure  steam 
at  the  other  end ;  so  that  the  same  metal  is  always  in 
contact  with  steam  at  the  same  temperature,  and  the 
only  losses  are  due  to  the  conduction  of  heat  through  the 
substance  of  the  metal  from  the  high-pressure  to  the  low- 
pressure  portions. 

398.  The  condensation  of  steam  in  the  cylinder  in  con- 
sequence of  the  conversion  of  heat  into  work  is,  of  itself,  by 
no  means  an  evil,  and  if  the  condensed  steam  would  leave 
the  cylinder  as  water,  the  condensation  would  improve  the 
efficiency  of  the  engine  ;  but  during  the  exhaust  the  con- 
densed steam  is  again  evaporated,  and  the  latent  heat  of 
evaporation  is  taken  from  the  cylinder,  cooling  the  latter 
and  leading  to  a  partial  condensation  of  the  high-pres- 
sure steam  during  the  next  period  of  admission,  unless 
the  cylinder  is  jacketed.  The  portion  of  the  steam  which 
condenses  during  expansion  gives  up  its  latent  heat  to 
the  contents  of  the  cylinder,  thus  tending  to  keep  up  the 
temperature,  and  with  it  the  pressure,  of  the  remaining 
steam.  The  condensation  of  a  portion  of  the  steam 
causes,  of  course,  a  falling  off  of  pressure,  but  the  giving 
up  of  the  latent  heat  increases  the  pressure  more  than 
three  times  as  much  as  the  loss  of  steam  diminishes  it, 
and  hence  the  pressure  does  not  fall  nearly  so  rapidly 
when  saturated  steam  expands  as  when  superheated 
steam  or  air  expands.  The  partial  condensation  would 
therefore  be  beneficial  but  for  the  re-evaporation  and 
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consequent  loss  of  heat  mentioned  above.  This  point 
will  be  made  more  clear  when  we  speak  of  indicator 
diagrams. 

399.  Superheating.     Sometimes   it    is    convenient, 
however,  to  employ  steam  which  is  not  saturated  when  it 
enters  the  cylinder,  but  superheated.     The  steam  in  the 
boiler  being  in  the  presence  of  water  is  of  course  satu- 
rated, but  on  leaving  the  boiler  it  is  made  to  pass  through 
heated  pipes,  whereby  its  temperature  is  raised  without, 
of  course,  affecting  its  pressure,  and  the  steam  becomes 
superheated.     The  steam  thus  superheated  can  afford  to 
lose  a  certain  amount  of  heat  without  condensing,  and  if 
sufficient  heat  has  been  communicated  to  it,  it  may  be 
capable  of  expanding  to  many  times  its  volume,  doing 
work  all  the  while,  and  still  remain  dry  steam.     In  en- 
gines of  the  locomotive  type  this  superheating  is  generally 
effected  by  causing  the  steam  on  leaving  the  boiler  to 
pass  through  tubes  placed  in  the  smoke  box  of  the  engine, 
and  exposed  to  the  action  of  the  products  of  combustion 
as  soon  as  they  have  passed   through  the  boiler   tubes. 
With  the  high  pressures  now  employed  it  is  impossible  to 
superheat  the  steam  to  any  great  extent  without  injuring 
the  cylinders  and  packing.     In  order  that  the  steam  may 
be  as  dry  as  possible  when  it  leaves  the  boiler,  the  steam- 
pipe  collects  the  steam  from  a  steam  chest  placed  above 
the  general  level  of  the  crown  of  the  boiler. 

In  starting  a  locomotive  the  valves  are  generally  so 
arranged  that  for  the  first  few  strokes  the  cylinder  is  filled 
with  steam  at  full  boiler  pressure.  This  serves  the  double 
purpose  of  raising  the  temperature  of  the  cylinder  as 
quickly  as  possible,  and  also  of  keeping  up  the  pressure 
on  the  piston  just  when  the  greatest  pressure  is  required, 
viz.,  in  starting  the  train. 

400.  When  steam  is  employed  expansively,  it  is  seldom 
that  its  temperature  remains  even  approximately  constant 
during  the  expansion,  though  it  is  very  usual  to  assume 
that  this  is  the  case  in  rough  calculations  of  the  work 
that  may  be  expected  from  a  stroke  of  an'  engine.     On 
the  other  hand,  no  engine  works  so  rapidly  that  there 
is   no  interchange  of  heat  between  the  steam   and   the 
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cylinder.  The  conditions  under  which  steam  expands 
in  the  cylinder  of  an  engine  are  generally  intermediate 
between  those  corresponding  to  constant  temperature  and 
those  which  obtain  when  no  heat  enters  or  leaves  the 
steam. 

401.  The  advantages  to  be  derived  from  compounding 
an  engine  depend  very  much  upon  the  actual  sizes  of  the 
cylinders  and  the  rapidity  of  the  strokes,  and  hence 
experiments  made  on  small  laboratory  engines  are  apt  to 
be  very  misleading  if  the  conclusions  derived  from  them 
are  applied  in  practice.  In  a  cylinder  5  inches  in 
diameter  no  portion  of  the  steam  is  more  than  2|  inches 
from  the  walls  of  the  cylinder,  and  the  average  distance 
of  the  steam  from  the  metal  is  less  than  an  inch.  Hence 
it  is  easy  for  an  interchange  of  heat  to  take  place 
rapidly  between  the  steam  and  the  iron  ;  but  in  a  cylinder 
90  inches  in  diameter  the  conditions  are  very  different. 
It  is  difficult  to  suppose  that  much  interchange  of  heat 
can  take  place  between  the  volume  of  steam  filling  such 
a  cylinder  and  the  walls  of  the  cylinder  itself  during  the 
half-second  occupied  in  the  stroke  of  a  large  marine 
engine.  Hence,  as  the  size  of  the  cylinder  increases,  the 
importance  of  compounding  for  the  purpose  of  preventing 
interchange  of  heat  between  the  metal  and  the  steam 
diminishes,  and  the  importance  of  jacketing  diminishes 
also.  This  subject  will  be  referred  to  again  in  Art.  435. 

.  Design  of  Boilers.  In  designing  a  boiler,  the 
rst  question  to  be  determined  is,  of  course,  the  amount 
of  steam  required  per  hour  and  the  pressure  at  which  it 
is  to  be  generated.  The  type  of  boiler  will  be  generally 
determined  by  local  circumstances.  For  example,  for 
marine  and  locomotive  boilers  reduction  of  weight  is  of 
very  great  importance  ;  and  in  marine  boilers  especially, 
high  efficiency  is  essential,  as  it  is  necessary  to  consider 
not  simply  the  cost  of  the  coal  consumed,  but  the  space 
occupied  by  the  coal  to  the  exclusion  of  remunerative 
cargo.  For  stationary  boilers  the  chief  consideration  is 
efficiency  and  durability,  the  cost  of  repairs  in  boilers  of 
the  locomotive  type  being  generally  far  greater  than  in 
the  case  of  Lancashire  boilers.  Suppose  that  the  boiler 
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is  required  to  generate  3,600  Ibs.  of  steam  per  hour  at  a 
pressure  of  160  Ibs.  per  square  inch,  and  is  to  be  of  the 
Lancashire  type,  the  condensed  steam  being  returned  to 
the  boiler  at  a  temperature  of  50°  C.  Under  these  circum- 
stances, one  pound  of  good  steam  coal  will,  with  careful 
firing,  and  provided  that  the  boiler  is  sufficiently  large  to 
generate  the  steam  without  being  "pressed,"  produce 
about  9  Ibs.  of  steam.  It  will  therefore  be  necessary  to 
provide  for  the  consumption  of  400  Ibs.  of  coal  per  hour, 
and  as  it  is  undesirable  to  attempt  to  burn  more  than  20 
Ibs.  of  coal  per  square  foot  of  grate  surface  per  hour,  this 
implies  about  20  square  feet  of  grate.  Two  flues,  each  30 
inches  in  diameter,  with  fire  bars  measuring  5  feet  from 
back  to  front,  will  provide  rather  more  than  this  amount 
of  grate  area.  The  distance  from  the  fire  door  to  the 
bridge  will  then  be  nearly  6  feet,  which  is  as  long  a  fur- 
nace as  is  consistent  with  easy  firing.  With  hand  firing, 
in  Lancashire  boilers,  the  coal  consumed  per  hour  is  not 
generally  more  than  15  Ibs.  per  square  foot  of  grate  area. 
A  thirty-inch  flue  will  enable  the  width  of  the  fire  bars 
to  be  about  2  ft.  3  in.,  and  two  such  flues  will  necessitate 
a  diameter  for  the  boiler  shell  of  about  7  feet.  The  cir- 
cumference of  the  boiler  will  be  about  22  feet,  and  of  this 
about  12  feet  will  be  exposed  to  the  action  of  the  furnace 
gases.  The  circumference  of  the  two  flues  together  will 
be  nearly  16  feet,  making  28  square  feet  of  heating  sur- 
face for  every  foot  in  the  length  of  the  boiler.  The  area 
of  the  flues  below  the  fire  bars,  that  is  of  the  ash  pits,  is 
not  reckoned  as  part  of  the  heating  surface  ;  but  this  may 
be  more  than  compensated  by  the  introduction  of  four  or 
five  "  Galloway  tubes  "  into  each  flue.  If  the  length  of 
the  boiler  be  26  feet,  there  will  be  a  total  heating  surface 
of  about  728  square  feet,  or  nearly  36  square  feet  of  heat- 
ing surface  for  each  square  foot  of  grate.  The  production 
of  3,60(3  Ibs.  of  steam  per  hour  will  then  represent  only 
5  Ibs.  of  steam  per  square  foot  of  heating  surface,  and  this 
can  be  readily  maintained  or  exceeded. 

403.  In  an  experiment  conducted  by  the  writer  upon 
a  Lancashire  boiler  7  feet  6  inches  in  diameter  and  30 
feet  long,  with  natural  draught  produced  by  a  chimney 
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120  feet  high  and  6  feet  in  diameter  internally  (the  chim- 
ney was  designed  for  a  range  of  5  boilers),  it  was  found 
possible  with  best  locomotive  steam  coal  to  produce  about 
7,000  pounds  of  steam  per  hour  with  cold  feed-water. 
This  boiler  possessed  about  36  square  feet  of  grate  area, 
and  each  flue  was  crossed  by  Galloway  tubes.  This  may 
be  taken  as  the  limit  of  the  capacity  of  such  a  boiler 
with  ordinary  chimney  draught.  The  boiler  was  guaran- 
teed by  the  makers  to  be  capable  of  producing  6,000  Ibs. 
of  steam  per  hour.  The  coal  consumed  amounted  to 
about  24  Ibs.  per  hour  per  square  foot  of  grate  area.  This 
was  only  possible  with  large  coal  of  excellent  quality. 

404.  Chimney  Design.  The  amount  of  air  requisite 
for  the  combustion  of  400  Ibs.  of  coal  may  be  taken  to  be 
about  6,000  Ibs.  This  will  represent  about  78,000  cubic 
feet  of  air  at  ordinary  temperature,  or  the  air  supplied  to 
the  boiler  must  be  about  22  cubic  feet  per  second.  If  the 
temperature  of  the  chimney  be  as  low  as  360°  C.,  this  will 
correspond  to  about  48  cubic  feet  of  gases  passing  up  the 
chimney  per  second.  A  velocity  of  10  feet  per  second 
is  a  reasonable  velocity  for  a  chimney  draught,  which 
should  never  much  exceed  16  feet  per  second.  This  gives 
a  sectional  area  of  4'8  square  feet,  corresponding  to  a  dia- 
meter of  nearly  30  inches.  For  large  chimneys,  100  feet 
in  height,  one  square  foot  of  sectional  area  for  each 
hundredweight  of(  coal  consumeoTper'hour  will  generally 
suffice. 

^  -i   \  >  -    M  *  V 

In  chimneys  which  are  narrowed  at  the  top,  so  as  to 
give  a  great  velocity  to  the  issuing  gases,  a  considerable 
amount  of  energy  is  carried  away  by  the  stream,  so  that 
an  appreciable  portion  of  the  water-gauge  produced  by 
the  chimney  is  employed  in  giving  the  necessary  velocity 
to  the  issuing  gases.  Thus,  if  the  absolute  temperature 
of  the  gases  is  twice  that  of  the  external  air,  and  the 
chimney  is  so  narrow  that  the  velocity  of  the  issuing 
stream  is  32  feet  per  second,  the  result  will  be  that  16  feet 
of  the  chimney's  height  will  be  wasted  in  communicating 
this  velocity  to  the  gases  instead  of  being  effective  in 
drawing  the  air  through  the  fires  and  flues  of  the  boiler. 
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405.  If  the  diameter  of  a  chimney  is  altered,  while  the 
quantity  of  gases  passing  through  it  remains  the  same, 
the  water-gauge  required  to  overcome  the  friction  of  the 
chimney    varies    approximately    inversely    as    the    fifth 

)o_wer  of  the  diameter.  If  therefore  a  chimney  is  so 
designed  that  the  water-gauge  required  to  overcome  the 
friction  is  one-fiftieth  of  an  inch,  which  will  be  equiva- 
lent to  that  due  to  about  three  feet  of  the  chimney,  a 
diminution  of  diameter  to  one-half  will  raise  the  water- 
gauge  necessary  to  overcome  the  friction  to  about  '64 
inch,  or  the  whole  amount  due  to  the  chimney  if  its 
height  is  about  90  feet.  It  is  obvious  that  such  a 
chimney  would  be  useless  for  the  purpose  ;  while,  011  the 
other  hand,  it  is  clear  that  when  the  resistance  has  been 
reduced  so  as  to  require  a  water-gauge  of  only  '02  inch  to 
overcome  it,  there  can  be  little  object  in  increasing  the 
diameter  in  order  further  to  diminish  the  friction. 

406.  The  friction  of  any  horizontal  flue  through  which 
a  steady  current  of  gas  is  passing  may  be  readily  deter- 
mined   by   connecting    a     pressure-gauge   of     sufficient 
delicacy  to  each  end  of  the  flue.     The  difference  between 
the  indications  of  the  gauges  gives  the  pressure  necessary 
to  overcome  the  friction,  provided  that  the    velocity   of 
the  gas  is  the  same  at  each  end.     When  the  flue  is  not 
horizontal,  a  correction  must  be  made  for  the  difference 
between  the  pressure  due  to  the  column  of    gas  in  the 
flue  and  a  corresponding  column  of  atmospheric  air.    The 
friction  of  a  chimney  may  be  determined  by  observing 
the  composition  and  temperature  of  the  gases  within  the 
chimney  at  various  points  of  its  height,  and  thus  calcu- 
lating the  theoretical  water-gauge  of  the  chimney.     The 
difference  between  this   and  the   indication  of  a  water- 
gauge  communicating  with  the  interior  of  the  chimney 
at  its  base  measures  the  pressure  required  to  overcome 
the  friction  of  the  shaft. 

407.  When  the  temperature  of  the  furnace  gases  in  a 
chimney  is  raised,  the  pressure  which  forces  the  air  through 
the  flues  will  be  increased  in  proportion  to  the  difference 
between  the  weight  of  the  contents  of  the  chimney  and 
that  of  an  equal  volume  of  the  external  air.     But  if  the 
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same  quantity  of  air  passes  through  the  fire,  the  velocity 
of  the  gases  iu  the  chimney  varies  inversely  alTTilieir 
density,  and,  therefore,  directly  as  their  absolute  tem- 
jQeratiire.  "  But  the  frictional  resistance  of  the  chimney, 
and  the  loss  of  pressure  due  to  the  velocity  of  the  escap- 
ing gases,  both  vary, — the  one  approximately,  the  other 
exactly,  as  the  square  of  the  velocity  and  as  the  density 
conjointly.  Hence,  to  maintain  the  same  draught 
through  the  chimney  the  pressure,,  .mmld-  ka¥3^ia..:\Earff 
inversely  as  the  density  of  the  gases,  and,  therefore, 
directly  as  the  absolute  temperature.  If  the  whole  of  the 
resistance  were  due  to  the  chimney  friction,  and  to  the 
velocity  of  the  escaping  gases,  the  draught  would  be  a 
maximum  when  the  absolute  temperature  of  the  gases  in 
the  chimney  was  twice  that  of  the  external  air,  corre- 
sponding in  general  to  a  temperature  of  about  300°  C.  ;  _ 
but  since  a  great  portion  of  the  resistance  is  due  to  the 
air  passing  between  the  fire  bars  and  through  the  fires, 
where  it  is  unaffected  by  the  temperature  of  the  chimney, 
the  draught  may  be  increased,  though  very  slightly,  by 
raising  the  temperature  of  the  chimney  gases  somewhat 
above  300°  C.  In  a  well-designed  chimney,  100  feet  in 
height,  the  pressure  required  to  overcome  the  friction  of 
the  chimney  itself  will  not  generally  exceed  one  and  a  half  / 
times  that  necessary  to  produce  the  actual  velocity  in  the 
gases.  If  the  velocity  be  restricted  to  16  feet  per  second, 
the  density  being  half  that  of  the  external  air,  the  loss  of 
power  due  to  the  velocity  of  the  escaping  gases  will  be 
equal  to  that  due  to  4  feet  of  the  height  of  the  chimney,  - 
and  the  loss  due  to  the  friction  of  the  chimney  will  not 
exceed  that  due  to  six  feet  of  height ;  so  that  ninety  feet 
of  the  height  of  the  chimney  will  be  efficient  in  producing 
the  draught  through  the  boiler. 

408.  Efficiency  of  Boilers.  The  efficiency  of  a 
boiler  can  be  readily  tested  by  a  careful  examination  of 
the  state  of  the  gases  in  the  smoke-box,  uptake,  or  chim- 
ney base.  If  the  boiler  is  properly  covered  by  a  suitable 
non-conducting  composition  (cork  fragments,  silicate  wool, 
etc.),  the  loss  of  heat  by  radiation  from  its  surface  cannot 
be  considerable.  The  only  escape  for  the  heat  gener- 
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ated  in  the  furnace  will  then  be  through  the  steam  or  with 
the  gases  up  the  chimney.  There  will  therefore  be  only- 
two  points  requiring  attention,  viz. :  (1)  That  all  the  heat  is 
actually  generated  which  the  coal  is  capable  of  producing, 
in  other  words,  that  the  combustion  is  perfect ;  and  (2) 
that  as  little  of  the  heat  so  generated  escapes  up  the 
chimney  as  is  consistent  with  the  maintenance  of  an 
efficient  draught. 

409.  Both  these  conditions  can  be  tested  by  examina- 
tion of  the  temperature  and  composition  of  the  gases  in 
the  uptake.  To  secure  the  first  condition  it  is  only  neces- 
sary that  there  should  be  no  smoke  and  no  combustible 
gases  remaining,  in  particular  that  there  should  be  no  car- 
bonic oxide.  Reference  to  Art.  64  will  show  the  importance 
of  this.  The  second  condition  will  be  secured  if  the  tem- 
perature of  the  furnace  gases  is  as  low  as  possible  con- 
sistent with  efficient  draught  (300°  C.  may  be  regarded 
as  a  satisfactory  temperature,  but  a  lower  temperature 
may  be  secured),  and  if  the  amount  of  air  supplied  to  the 
fires  is  as  small  as  possible  consistent  with  complete  com- 
bustion. Unfortunately  it  is  impossible  to  utilize  the 
whole  of  the  oxygen  in  the  air,  and  hence  a  considerable 
surplus  has  to  be  employed  ;  so  that  15  Ibs.  of  air  or  more, 
instead  of  12  Ibs.,  will  generally  be  required  to  secure  the 
complete  combustion  of  each  pound  of  coal.  If  the  boiler 
is  working  much  below  its  full  power,  so  that  the  con- 
sumption of  coal  per  square  foot  of  grate  per  hour  is  very 
small, — say  considerably  below  10  Ibs., — the  amount  of 
air  passing  through  the  fire  will  generally  be  excessive  ; 
and  if  any  portion  of  the  fire  bars  be  left  uncovered, 
through  careless  firing,  the  same  result  will  ensue.  Some- 
times the  amount  of  air  entering  the  fires  per  pound  of 
coal  consumed  exceeds  30  Ibs.,  and  thus  the  loss  of  heat 
through  the  furnace  gases  is  more  than  doubled.  In  the 
case  of  a  boiler  with  brick  flues,  any  crack  in  the  flue 
walls  allowing  air  to  enter  produces  a  similar  result.  If 
the  composition  of  the  coal  and  of  the  ash  is  known,  the 
analysis  of  the  furnace  gases  will  at  once  indicate  the 
quantity  of  air  entering  the  flues  per  pound  of  coal  con- 
sumed. The  carbon  present,  as  carbonic  anhydride,  or 
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in  other  forms,  determines  the  amount  of  coal,  and  the 
free  oxygen  the  surplus  of  air.  Roughly  speaking,  10 
per  cent,  of  free  oxygen  indicates  that  the  amount  of  air 
supplied  is  twice  that  required  for  the  complete  combus- 
tion of  the  coal.  Five  per  cent,  of  free  oxygen  indicates 
that  the  air  is  one-third  more  than  that  required  for  com- 
bustion ;  and  so  on. 

410.  If  the  amount  of  free  oxygen  in  the  furnace  gases 
is  less  than  five  per  cent.,  it  is  clear  that  the  air  supplied 
is  not  much  in  excess  of  the  minimum  consistent  with 
perfect  combustion ;  if  no  combustible  gases  are  present 
and  no  smoke,  it  is  clear  that  the  combustion  is  perfect, 
and  that  all  the  heat  which  the  coal  is  capable  of  pro- 
ducing is  generated ;  and  if  the  temperature  <4f  the 
furnace  gases  on  entering  the  chimney  does  not  exceed 
300°  C.,  the  heat  lost  by  this  means  is  almost  as  small  as 
possible,  and  the  rest  must  be  utilized  in  the  production 
of  steam  after  allowing  a  small  amount  for  loss  by 
radiation  and  conduction.  If  two  boilers  give  the  same 
results  as  far  as  these  tests  are  concerned,  and  make  the 
same  amount  of  ash,  or  other  unconsumable  residue  from 
the  fuel,  they  must  produce  the  same  amount  of  steam 
per  pound  of  coal,  and  direct  experiments  for  the  com- 
parison of  their  evaporative  efficiency  become  unnecessary, 
however  much  the  boilers  may  differ  in  construction.  Of 
course  the  lowest  temperature  which  it  is  possible  for  the 
furnace  gases  to  possess  is  that  of  the  contents  of  the 
boiler,  but  to  cool  them  within  a  few  degrees  of  this  tem- 
perature requires  an  enormous  amount  of  heating  surface. 
With  16  Ibs.  of  air  per  pound  of  coal  consumed,  and  a 
chimney  temperature  of  300°  C.,  the  loss  of  heat  in  the 
furnace  gases  is  about  15  per  cent,  of  the  total  heat  gene- 
rated. The  most  economical  plan  for  utilizing  the  excess 
of  heat  contained  in  the  furnace  gases  is  to  use  them  to 
heat  the  feed- water  by  means  of  an  "  Economiser," 
which  consists  of  a  stack  of  cast-iron  pipe  placed 
in  the  main  flue  near  the  chimney  base,  through  which 
the  feed-water  is  made  to  flow.  The  furnace  gases  thus, 
just  before  entering  the  chimney,  come  in  contact  with 
pipes  containing  comparatively  cold  water,  and  readily 
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give  up  a  large  portion  of  their  heat  to  be  conveyed  to 
the  boiler  with  the  feed-water. 

411.  A  rough  calculation  of  the  loss  of  heat  by  radia- 
tion from  an  uncovered  boiler  has  been  given  in  Art.  317. 
This  may  be  reduced  to  one-eighth,  or  even  less,  by  the 
employment  of  a  suitable  covering  for  the  boiler,  in  which 
case  the  loss  of  heat  by  radiation  becomes  so  small  that  it 
need  scarcely  enter  into  the  calculation  of  the  coal  con- 
sumption. 

It  should  be  noticed  that,  while  with  boilers  of  the 
same  type  the  ratio  of  the  total  heating  surface  to  the 
grate  area  gives  a  fair  idea  of  the  efficiency  of  the  boiler, 
this  test  cannot  be  extended  to  boilers  of  different  types, 
as  very  much  depends  on  the  situation  of  the  heating 
surface  relative  to  the  fire,  and  to  the  direction  of  the  flow 
of  the  gases.  If  the  gases  impinge  directly  upon  the  sur- 
face, it  is  much  more  efficient  than  the  same  area  of  a 
tube  through  which  the  gases  pass  longitudinally,  while 
the  lower  portions  of  the  surfaces  of  tubes  through  which 
the  furnace  gases  pass  generally  become  covered  with 
soot  and  coal  dust,  carried  forward  with  the  draught,  and 
are  of  little  value  as  heating  surface. 

412.  Refuse  Destruction.  The  production  of  steam 
for  useful  purposes  by  the  waste  heat  from  the  destruc- 
tion of  ash-bin  refuse  is  a  subject  which  has  lately  received 
a  considerable  amount  of  attention.  Where  the  purposes 
for  which  the  steam  is  required  are  such  that  the  steam 
may  be  generated  at  a  nearly  uniform  rate  through  the 
whole  twenty-four  hours  of  the  day,  the  problem  presents 
no  special  difficulty.  It  is  only  necessary  to  secure  that 
the  distillate  from  the  refuse  shall  be  completely  con- 
sumed before  any  of  the  furnace  gases  are  cooled  by 
contact  with  the  boiler  plates  or  tubes  ;  otherwise  white 
fumes  consisting  of  combustible  material  appear  at  the 
top  of  the  chimney  shaft,  and  can  be  traced  for  great 
distance  through  the  air.  This  complete  combustion  may 
perhaps  be  best  secured  by  building  a  considerable 
number  (five  or  six  at  least)  of  furnaces  in  one  range, 
communicating  with  a  common  flue  of  ample  capacity. 


REFUSE    DESTRUCTION.  261 

Sometimes  the  furnaces  are  built  each  with  its  own  fire- 
brick combustion  chamber  above  the  crown  of  the  furnace, 
in  which  several  perforations  are  made  by  leaving  out 
bricks,  so  that  the  furnace  gases  get  ready  access  to  the 
combustion  chamber,  whence  they  pass  into  the  common 
flue.  The  chimney  draught  is  artificially  increased  by 
means  of  a  fan,  cr  by  steam  jets  introduced  below  the 
fire  bars.  The  temperature  in  the  combustion  chambers 
of  the  several  furnaces  will  depend  on  the  stage  of  com- 
bustion of  the  charge  of  refuse  on  the  bars.  When  the 
combustion  has  reached  its  most  vigorous  stage,  the 
combustion  chamber  is  heated  to  very  bright  redness,  and 
the  temperature  probably  exceeds  2000°  F.  In  the  common 
flue,  which  is  also  lined  with  refractory  material,  and,  like 
the  furnaces  and  combustion  chambers,  enclosed  in  such 
a  mass  of  brickwork  as  to  render  the  loss  of  heat  by  con- 
duction and  radiation  comparatively  small,  the  intensely 
hot  gases  from  those  furnaces  in  which-  the  charges  are 
in  a  state  of  vigorous  combustion  mingle  with  the  cooler 
gases  or  distillates  from  furnaces  which  have  been  re- 
cently charged,  and  raising  their  temperature,  secure 
their  complete  combustion.  The  high  temperature  of  the 
brick  lining  of  the  combustion  chamber,  due  to  the 
previous  charge,  goes  far  towards  promoting  the  com- 
bustion of  the  distillate  from  a  fresh  charge ;  but  any 
material  which  escapes  uncpnsumed  from  the  combustion 
chamber  is  completely  burned  up  on  mixing  with  the 
other  gases  in  the  common  flue.  On  reaching  the  end  of 
this  flue  the  gases  enter  a  large  chamber,  whence  they 
pass  through  the  tubes  of  the  boilers.  On  reaching  the 
boilers,  it  is  found  that  the  temperature  of  the  gases  is 
about  1,500°  F.  If  the  boilers  are  properly  designed,  and 
are  producing  steam  at  a  pressure  of  150  Ibs.  per  square 
inch,  the  gases  may  be  cooled  to  about  500°  F.  in  passing 
through  the  tubes,  thus  giving  to  the  water  about  two- 
thirds  of  the  heat  derived  from  the  combustion  which 
they  have  brought  with  them.  To  secure  complete 
combustion  a  considerable  excess  of  air  is  introduced  by 
the  forced  draught,  and  this  causes  the  temperature,  to 
which  the  gases  are  raised,  to  be  much  lower  than  it 
would  be  if  the  quantity  of  air  could  be  kept  only  slightly 
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in  excess  of  that  required  for  combustion  ;  but  if  no  heat 
were  lost  to  the  brickwork,  the  temperature  would  still 
considerably  exceed  1,500°  F.,  and  would  probably  be  not 
less  than  2,000°  F.  If  this  be  so,  it  follows  that  about  one- 
quarter  of  the  heat  produced  is  lost  through  the  great 
surf  ace  exposed  by  the  brick  work,  one-quarter  escapes  up  the 
chimney  shaft,  and  one-half  is  available  for  steam  genera- 
tion. To  produce  the  same  amount  of  heat  as  a  ton  of 
steam  coal,  the  quantity  of  refuse  required  will  vary  with 
the  locality  from  which  it  is  collected.  Speaking  gener- 
ally, six  or  seven  tons  of  refuse  may  be  taken  as  equivalent 
to  one  ton  of  steam  coal  in  actual  calorific  power.  Hence, 
for  steam-raising  purposes  about  ten  tons  of  refuse  will 
be  required  to  produce  the  same  amount  of  steam  as  one 
ton  of  steam  coal.  When  it  is  remembered  that  the  ton 
of  coal  may  be  burned  in  small  iron  furnaces  inside  a 
boiler  in  two  or  three  hours,  while  to  burn  ten  tons  of 
refuse  in  the  same  time  ten  or  a  dozen  large  brick  furnaces 
with  their  combustion  chambers  and  flues  will  be  required, 
it  is  not  surprising  that  the  loss  of  heat  by  radiation  and 
conduction  is  much  greater  in  the  case  of  the  refuse  than 
in  that  of  the  coal. 

413.  When  the  steam  is  not  required  at  a  uniform  rate, 
but  the  demand  is  very  irregular,  as  in  the  case  of  electric- 
lighting,  where  more  steam  is  required  during  a  few  hours 
in  the  evening  than  during  aJl  the  rest  of  the  day,  it  is 
necessary  to  adopt  some  method  of  storing  the  energy, 
since  the  furnace  when  once  heated  must  be  supplied  with 
fuel  at  a  fairly  uniform  rate.  If  the  fires  are  extinguished 
in  a  bank  of  furnaces,  it  requires  about  twelve  hours  to 
get  them  into  steady  action  again.  It  is  therefore 
impossible  to  treat  the  destructors  as  ordinary  boiler 
fires.  Moreover  an  enormous  number  of  furnaces  would 
be  required  to  supply  steam  during  the  hours  of  maxi- 
mum load  of  a  large  electric-lighting  station.  The 
employment  of  storage  batteries  is  one  solution  of  the 
difficulty  ;  but  it  is  expensive,  and  does  not  come  within 
the  province  of  this  treatise.  The  utilisation  of  the 
storage  capacity  of  water  under  high  pressure  is 
another  solution  which  has  recently  been  proposed.  In 
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Art.  213  the  great  volume  of  steam  produced  in  the  event 
of  the  explosion  of  a  high-pressure  boiler  was  alluded  to. 
This  power  of  "  super-heated  "  water  to  produce  steam  is 
used  in  the  system  of  "  thermal  storage."  A  number  of 
tanks,  thoroughly  well  lagged  to  prevent  loss  of  heat  from 
the  surface,  are  constructed  like  boiler  shells,  preferably 
in  the  form  of  vertical  cylinders,  so  as  to  safely  sustain 
a  pressure  of,  say,  200  Ibs.  on  the  square  inch.  The  boiler 
is  constructed  to  produce  steam  at  this  pressure,  or  some- 
what higher,  and  the  tanks  having  been  nearly  filled 
with  water,  the  boiler  steam  is  blown  into  them  so  as 
either  to  mingle  with  the  water,  being  condensed  by  it, 
or  to  pass  through  a  coil  of  pipe  immersed  in  the  water, 
and  after  condensation  to  be  returned  to  the  boiler.  By 
this  process  the  steam  is  condensed,  and  the  water  in  the 
tanks  is  heated  until  its  temperature  and  the  pressure  of 
the  steam  above  it  are  only  just  below  the  temperature 
and  steam  pressure  in  the  boiler  itself.  Nearly  all  the 
lime  contained  in  the  water  will  be  deposited  as  a  soft 
sludge  in  the  tanks,  and  will  be  harmless,  since  the  tanks 
are  nowhere  exposed  to  fire.  The  feed-water  for  the 
boiler  is  supplied  from  the  tanks,  and  thus  the  boiler  is 
fed  with  water  which  has  been  "  purified  "  in  the  best 
possible  way.  When  the  reserve  of  energy  is  required  to 
be  drawn  upon,  the  tanks  are  connected  with  the  engines, 
and  will  continue  to  supply  them  with  steam  until  the 
temperature  in  the  tanks  has  fallen  to  the  lowest  point  at 
which  steam  can  be  generated  at  sufficient  pressure  for 
the  engine.  If,  for  example,  the  engines  require  steam 
at  a  pressure  of  100  Ibs.  per  square  inch,  which  means  a 
temperature  of  338°  F.,  and  the  tanks  are  charged  up  to 
a  pressure  of  200  Ibs.  on  the  square  inch,  which  corres- 
ponds to  388°  F.,  then  the  tanks  will  be  able  to  supply 
the  engine  with  steam  until  their  contents  have  fallen  in 
temperature  to  338°  F.  If  no  heat  were  lost  by  the 
tanks,  and  if  operations  were  commenced  with  the  tanks 
at  338°  F.,  and  saturated  steam  from  the  boiler  were 
blown  into  the  tanks  at  the  pressure  existing  in  them 
until  a  temperature  of  388°  F.  and  pressure  of  200  Ibs. 
per  square  inch  were  reached,  then  it  is  obvious  that  in 
allowing  the  temperature  to  fall  again  to  338°  F.  the 
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tanks  would  give  up  exactly  as  much  steam  as  they  re- 
ceived. 

414.  The  total  heat  of  steam  at  T°F.  is,  in  Fahrenheit 
units,  1,091-7  +  -305  (T  -  32)  or  1,081-94  +  '305  T.  Hence 
to  produce  from  ice-cold  water  a  pound  of  steam  at  338°F., 
at  a  pressure  of  100  Ibs.  per  square  inch,  1185*03  units  of 
heat  are  required,  of  which  388-32  or  356  units,  are 
already  contained  in  the  water  at  388°  F.  Hence  829*03 
units  must  be  derived  from  the  water  left  behind,  which 
is  cooled  through  50°  F.,  and  therefore  16*58  Ibs.  of  water 
must  be  left  behind  ;  so  that,  for  every  pound  of  steam 
produced,  there  must  be  originally  in  the  tanks  17'58  Ibs. 
of  water  at  200°  F.  As  the  steam  at  first  will  be  produced 
at  a  higher  temperature, — and  if  it  is  to  enter  the  engine 
at  a  pressure  of  only  100  Ibs.  per  square  inch,  the  pressure 
will  have  to  be  reduced  by  throttling  (accompanied  by 
super-heating), — the  steam  will  carry  with  it  a  little  more 
heat  than  has  been  calculated  above,  and  nearly  18  Ibs. 
of  water  will  be  required  to  produce  1  Ib.  of  steam. 

If  the  boiler  generates  3,000  Ibs.  of  steam  per  hour  for 
twenty  hours,  and  the  power  is  required  for  the  remaining 
four  hours  at  the  average  rate  of  18,000  Ibs.  of  steam  per 
hour,  of  which  3,000  can  be  obtained  directly  from  the 
boiler  and  15,000  from  the  reservoirs,  we  shall  require  a 
storage  capacity  of  20  x  3,000  x  18  pounds  of  water  ;  that 
is,  of  108,000  gallons.  This  corresponds  to  about  fourteen 
cylindrical  tanks  each  8  feet  in  diameter,  and  filled  with 
water  to  a  height  of  about  twenty-five  feet. 

NOTE. — Joule's  value  of  the  Mechanical  Equivalent  of  Heat  has  been 
adhered  to  in  all  the  illustrations  given,  and  the  value  of  J  has  been 
taken  to  be  1890  foot-pounds  (or  772  foot-pounds  if  Fahrenheit's  scale 
be  used).  The  researches  of  Rowland,  published  in  1888,  however,  showed 
that  this  value  is  too  small,  the  difference  being  due  mainly  to  errors 
in  Joule's  thermometer,  but  partly  to  an  erroneous  value  having  been 
assigned  to  the  specific  heat  of  water  at  the  temperature  at  which 
Joule  worked.  Recent  researches  of  a  most  elaborate  character,  carried 
out  at  Cambridge  by  Mr.  E.  H.  Griffiths,  confirm  Rowland's  conclusion, 
and  show  that  the  Mechanical  Equivalent  of  heat,  in  round  numbers, 
may  be  taken  as  1400  foot-pounds  with  reference  to  the  Centigrade 
degree,  or  778  foot-pounds  for  the  degree  Fahrenheit. 


CHAPTER  XII. 


ON   INDICATOR   DIAGRAMS,    BOILERS,    ETC. 

415.  The  Indicator  Diagram.  If  we  draw  two 
straight  lines  Ov  and  Op  at  right  angles  to  one  another, 
and  agree  that  distances  measured  from  0  along  Ov  shall 


FIG.  52. 


represent  volumes,  while  distances  measured  along  Op 
represent  pressures,  then  any  point,  P,  many  be  regarded 
as  representing  the  condition  of  a  substance,  as  far  as  its 
volume  and  pressure  are  concerned;  for  drawing  /Wand 
]*M  perpendicular  to  Ov  and  Op  respectively,  ON  or  MP 
may  be  taken  as  representing  the  volume  of  the  sub- 
stance, and  OM  or  NP  its  pressure. 

416.  If  the  volume  and  pressure  of  the  substance 
undergo  any  variations,  but  are  always  represented  by 
the  point  P,  it  is  clear  that  P  must  change  its  position, 
and  since  the  condition  of  a  substance  cannot  change 
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except  by  a  steady  increase  or  decrease  (although  this 
may  take  place  very  rapidly),  it  follows  that  if  the  point 
P  always  represent  both  the  volume  and  pressure.  P  must 
move  along  some  definite  line,  generally  curved  ;  and  this 
line  will,  by  its  form,  represent  graphically  the  law  con- 
necting the  variations  in  volume  and  pressure  which  the 
substance  undergoes.  Such  a  line  is  called  an  indicator 
diagram. 

417.  Isothermal  Lines.     For  example,  suppose  the 
substance  to  be  a  gas  which  is  kept  at  constant  tempera- 
ture and  strictly  obeys  Boyle's  law.     Then,  if  the  pressure 
be  doubled,  the  volume  will  be  reduced  to  one-half,  and 
if  the  volume  be  doubled,  the  pressure  will  be  correspond- 
ingly reduced,  the  product  of  the  volume   and  pressure 
remaining  always  constant.     Hence,  P  will  move  so  that 
the  rectangle  PMONis  of  constant  area.     (This  is  a  con- 
dition fulfilled  by  a  rectangular  hyperbola,  having  Ov  and 
Op  for  the  asymptotes,  so  that  the  rectangular  hyperbola 
is  the  graphic  representation  of   Boyle's  law.)     As  the 
volume  increases  indefinitely,  the  pressure  will  diminish 
indefinitely,  and  the  point  P  will  approach  the  line  Of, 
but  will  never  reach  it.     Similarly,  if  the  pressure  be  in- 
creased, P  will  approach  the  line  Op,  but  never  reach  it. 
The  curve  thus  traced  represents  the  relation  between 
pressure  and  volume  for  a   given   mass  of  air   kept   at 
constant  temperature,  and  is  called  an  isothermal  line. 

418.  If  the  substance  does  not  obey  Boyle's  law,  the 
isothermal  line  will  differ  from  that  above  described.    For 
example,  in  the  case  of  carbonic  anhydride  at,  say  15°  C  , 
the  product  of   the   pressure   and  volume  will  be  very 
nearly  constant  if  the  pressure  is  less  than  two  or  three 
atmospheres,  and  the  isothermal  line  will  nearly  coincide 
with  the  corresponding  (hyperbolic)  line  for  air  ;    but  at 
higher  pressures  the  volume  is  less    than   Boyle's   law 
indicates,  and  the  isothermal  curve  for  carbonic  anhydride 
falls  below  the  air  line.     When,  at  length,  the  pressure 
is  reached  at  which  liquefaction  commences,  the  pressure 
remains  constant,  while  the  volume  decreases  until  the 
whole  mass  is  liquefied,  and  the  isothermal  line  conse- 
quently  becomes  horizontal.      As  soon  as  the  whole  is 
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liquefied,  the  diminution  of  volume  with  further  increase 
of  pressure  is  comparatively  slow,  and  the  line  slopes 
upwards  towards  Op  at  a  great  and  increasing  inclination. 

419.  When  a  quantity  of  vapour  is  saturated,  if  the 
temperature  is  kept  constant,  any  diminution  of  volume 
produces  condensation,  and   no  increase  of  pressure  can 
take  place  until  the  whole  has  been  liquefied.     Hence,  the 
isothermal  line  of  a  substance  which  is  partly  liquid  and 
partly  a  saturated  vapour  is  necessarily  horizontal.    When 
the  whole  of  the  substance  has  been  liquefied,  the  pressure 
may  have  to  be  increased    enormously  to  produce   any 
sensible  diminution  of   volume,  and  the  isothermal  line 
becomes  nearly  parallel  to  Op.      This  is  the  case   with 
water  at  ordinary  temperatures,  but  there  are  some  liquids 
which,  like  liquid  carbonic  anhydride,  are  extremely  com- 
pressible when  on  the  point  of  boiling,  and  the  isothermal 
line  for  such  liquids  is  at  first  considerably  curved  ;    but 
as  the  pressure  is  increased,  the  compressibility  diminishes 
and  the  line  becomes  more  nearly  parallel  to  Op. 

420.  Critical    Point    of    Carbonic    Anhydride. 

The  accompanying  figure  shows  the  isothermals  for 
carbonic  anhydride  corresponding  to  the  temperatures 
indicated.  The  dotted  line  is  drawn  through  all  the 
points  at  which  liquefaction  commences  and  terminates, 
so  that  all  points  which  correspond  to  the  existence  of 
the  substance  partly  as  liquid  and  partly  as  vapour  lie 
below  the  dotted  line.  It  will  be  noticed  that  at  13*  1°  C. 
there  is  a  considerable  difference  between  the  volume  of 
the  substance  as  vapour  (or  gas)  and  its  volume  as  liquid  ; 
hence  the  horizontal  line,  within  the  dotted  curve,  corres- 
ponding to  a  state  partly  liquid  and  partly  gaseous,  is  of 
considerable  length.  At  21 '5°  C.  the  volume  of  the  liquid 
is  much  greater,  while  the  volume  of  the  gas  when  lique- 
faction is  about  to  commence  is  much  less ;  so  that  the 
portion  of  the  isothermal  within  the  dotted  curve  is  much 
less,  and  it  will  be  noticed  that  it  differs  slightly  from 
a  horizontal  straight  line.  At  higher  temperatures  the 
difference  between  the  liquid  and  gaseous  states  is  still 
less,  and  the  isothermal  of  3O92°  C.  (not  shown  in  the 
figure)  just  touches  the  top  of  the  dotted  curve  without 
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cutting   it.      This   point    of   contact  corresponds  to  the 
critical  point.     The  isothermals  above  this  do  not  meet 
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the  dotted  curve  at  all,  and  there  is  no  range  over  which 
the  substance  is  partly  liquid  and  partly  gaseous.      In 
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fact,  as  previously  stated,  at  temperatures  above  the 
critical  point  no  amount  of  pressure  will  liquefy  a  gag: 
and  then,  and  only  then,  is  it  strictly  entitledto  be  aulea 
a  gas.  When  in  the  gaseous  state  at  a  temperature  below 
the  critical  point,  it  should  be  called  a  vapour.  It  will  be 
noticed  that  the  isothermals  for  some  distance  above  the 
critical  point  still  show  a  tendency  to  contrary  flexure 
just  above  the  dotted  curve,  as  though  the  substance  were 
still  inclined  to  liquefy,  and  the  departure  from  Boyle's 
law  is  very  great.  At  48'1C  C.,  however,  this  tendency 
has  quite  disappeared,  and  the  isothermal  is  more  like 
that  of  a  perfect  gas.  For  carbonic  anhydride  the  pres- 
sure at  which  condensation  commences  at  13'1°C.  is  about 
47  atmospheres ;  at  21 '5°  it  is  about  60  atmospheres ; 
while  the  critical  pressure  is  nearly  75  atmospheres. 

421.  Isentropic  Lines.      If  a   quantity   of  gas   be 
compressed  while  no  heat  is  allowed  to  enter  or  leave  it, 
its  temperature  will  be  raised  on  account  of  the  compres- 
sion, and  the  pressure  will  consequently  be  increased  more 
than  if  the  temperature  had  been  kept  constant.     Hence, 
if  we  represent  the  several  conditions  through  which  the 
substance  passes  by  a  line  on  the  indicator  diagram,  such 
a  line  will  at  every  point  be  inclined  at  a  greater  angle  to 
the  line  of  volumes  than  the  corresponding  isothermal, 
and  hence  will  cut  across  the  successive  isothermals  (as 
the  temperature  of  the  substance  is  raised).    A  line  repre- 
senting the  relation  between  the  pressure  and  volume  of 
a  substance  when  no  heat  is  allowed  to  enter  or  leave  it, 
is  sometimes  called  an  adiabqtic  line,  but  the  term  isen- 
tropic  line  is  preferable]     IrTthe  accompanying  figure',  the 
dotted  lines  represent  isothermals  for  a  perfect  gas,  and 
the  continuous  lines  isentropics.     (Fig.  B4.)    The  relation 
between  the  pressure  and  volume  of  a  perfect  gas  when 
no  heat  enters  or  leaves  it  is  p  vy  —  a,  constant,  where  p 
represents  the  pressure,  v  the  volume,  and  7  the  ratio  of 
the  specific  heat  at  constant  pressure  to  the  specific  heat 
at  constant  volume,  or  about  1'42  in  the  case  of  most 
gases. 

422.  Watt's  Indicator.    The  indicator  diagram  was 
first  employed  by  James  Watt  to  indicate  the  pressure  and 
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volume  of  steam  in  the  cylinder  of  an  engine  (on  one  side 
of  the  piston)  at  every  point  throughout  the  stroke.     In 


FIG.  54.    Art.  427. 


Watt's  indicator  the  pressure  was  registered  by  a  pencil 
which  was  attached  to  a  piston  moving  in  a  very  small 
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cylinder  to  which  the  steam  from  the  engine  cjdinder  had 
access.  The  piston  was  pressed  down  by  a  spring,  while 
the  steam  gaining  access  to  its  lower  side  forced  it  up 
against  the  pressure  of  the  spring.  It  FlG  55 

is  well  known  that  in  helical  springs 
the  compression  or  extension  is  propor- 
tional to  the  force  applied  ;  all  spring 
balances  are  based  on  this  principle  : 
hence,  the  pencil  of  the  indicator  was 
raised  through  a  distance  proportional 
to  the  excess  of  the  pressure  of  steam 
in  the  cylinder  over  the  atmospheric 
pressure  ;  or  if  the  steam  pressure  at 
any  time  were  less  than  atmospheric, 
the  pencil  was  depressed  through  a 
corresponding  distance.  As  it  moved 
the  pencil  traced  a  line  upon  a  sheet 
of  paper  attached  to  a  board  which 
could  be  made  to  move  in  exactly  the 
same  way  as  the  piston  (though  the 
length  of  the  traverse  was  reduced). 
If  the  pressure  in  the  cylinder  re- 
mained constant,  a  horizontal  line  would  be  traced  by 
the  pencil  on  the  moving  board  ;  if  the  pressure  increased 
or  diminished  when  the  board  was  stationary,  or  changed 
suddenly  while  the  board  was  moving,  a  vertical  line 
would  be  the  result.  A  steady  change  of  pressure  accom- 
panying the  change  of  position  of  the  piston  would  cause 
a  curved  line  to  be  described. 

423.  It  was  found,  however,  that,  although  the  traverse 
of  the  pencil  in  Watt's  indicator  was  only  a  few  inches, 
when  the  pressure  varied  rapidly  the  kinetic  energy 
acquired  by  the  little  piston,  pencil,  etc.,  was  sufficient  to 
carry  the  piston  and  pencil  far  beyond  the  position  cor- 
responding to  the  steam  pressure.  This  difficulty  was 
obviated  by  allowing  the  piston  to  move  only  through  a 
very  small  distance,  correspondingly  strong  springs  being 
employed,  and  the  motion  of  the  piston  was  multiplied  in 
the  pencil  by  a  system  of  levers.  The  accompanying 
figure  shows  Eichards'  indicator,  in  which  this  multipli- 
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cation  is  effected  by  a  combination  of  levers  similar  to 
"Watt's  "parallel  motion."  In  Dark's  high  speed  indicator 
the  pencil  moves  in  a  vertical  guide,  the  lever  actuating 
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it  having  a  longitudinal  slot  cut  in  it  to  allow  of  this 
motion  of  the  pencil.  In  all  indicators  now  in  use  the 
paper  is  wrapped  upon  a  cylinder,  or  drum,  which  is 
made  to  revolve  through  rather  less  than  one  revolution 
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by  the  motion  of  the  piston  of  the  engine,  and  is  made  to 
return  by  a  spring  contained  within  the  instrument.  As 
the  stroke  of  the  engine  is  generally  much  longer  than 
the  longest  diagram  the  indicator  can  draw,  it  is  necessary 
to  employ  some  mechanism  by  which  the  drum  of  the 
indicator  may  be  moved  through  a  distance  less  than  that 
of  the  piston  but  always  strictly  proportional  to  it. 
Springs  of  different  strengths  are  generally  supplied  with 
the  instrument,  and  so  arranged  that  a  movement  of  one 
inch  on  the  part  of  the  pencil  corresponds  to  a  steam 
pressure  varying  from  10  Ibs.  to  80  Ibs.  on  the  square  inch, 
according  to  the  particular  spring  employed. 

424.  Normal  Indicator  Diagrams.  If  the  steam 
from  the  boiler  be  allowed  full  access  to  the  cylinder 
during  the  whole  of  the  forward  stroke  of  the  piston, 
and  the  steam  in  the  cylinder  is  allowed  to  escape  freely 
into  the  air  during  the  whole  of  the  backward  stroke, 
the  ports  being  opened  and  closed  at  the  instant  when 
the  piston  is  at  the  extreme  end  of  its  stroke,  the  diagram 
traced  by  the  indicator  will  be  a  rectangle,  the  upper  side 
corresponding  to  boiler  pressure  and  the  lower  side  to 
atmospheric  pressure.  The  diagrams  of  some  steam  fire- 
engines  are  of  this  character,  for  in  these  engines  the 
object  is  to  get  as  much  work  as  possible  from  the  engine 
in  a  given  time,  and  that  regardless  of  the  expenditure 
of  fuel.  Hence  the  full  boiler  pressure  of  the  steam  is 
sustained  till  the  end  of  the  stroke. 

But  in  all  engines  in  the  working  of  which  economy  is 
a  consideration,  the  "  exhaust  steam  "  is  not  allowed  to 
escape  at  full  boiler  pressure,  but  the  supply  from  the 
boiler  being  cut  off  long  before  the  stroke  is  completed, 
the  steam  in  the  cylinder  is  made  to  expand,  doing  work 
as  it  expands,  and  is  not  allowed  to  escape  until  its 
pressure  has  been  reduced  very  much  below  that  of  the 
steam  in  the  boiler.  The  accompanying  diagram  may  be 
taken  as  typical  of  a  high-pressure  engine  working 
expansively.  The  line  AB  represents  the  condition  of 
affairs  during  the  period  of  admission,  and  the  com- 
munication being  open  with  the  boiler  the  pressure  is 
maintained  nearly  equal  to  that  in  the  boiler  itself.  At 
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B  the  steam  port  is  closed,  and  the  steam  being  confined 
within  the  cylinder  expands  as  the  piston  continues  its 
motion,  tracing  out  the  curve  EC  until  at  the  point  C  the 
exhaust  port  is  opened,  and  the  steam  being  allowed  to 
escape  the  pressure  falls  rapidly  almost  to  atmospheric 
pressure.  At  D  the  piston  is  at  the  extremity  of  its 
stroke ;  it  then  returns,  the  indicator  tracing  out  the  line 
DE  with  the  exhaust  port  open  until,  on  the  piston 
arriving  at  j£,  the  exhaust  port  is  closed,  and  the  small 

FIG.  57. 


amount  of  steam  remaining  in  the  cylinder  is  compressed 
so  as  to  form  an  elastic  cushion  and  assist  the  rebound  of 
the  piston.  The  compression  portion  of  the  curve  is  re- 
presented by  EF,  and  at  F  the  steam  port  is  opened  and 
the  pressure  rises  immediately  to  nearly  the  full  boiler 
pressure. 

425.  A  glance  at  the  indicator  diagram  generally 
shows  whether  the  engine  is  working  properly  or  whether 
there  is  anything  wrong  with  the  pistons,  valves,  steam 
ways,  etc.  For  example,  a  leaky  piston  would  be  be- 
trayed by  the  expansion  curve  falling  much  more  rapidly 
than  is  consistent  with  the  law  of  expansion  of  steam 
under  the  conditions  obtaining  in  the  cylinder.  If  the 
steam  pipe  from  the  boiler  is  too  small,  or  if  the  steam 
port  is  not  opened  wide  enough  and  quickly  enough, 
when  the  piston  commences  its  stroke,  the  supply  of  steam 
will  not  keep  pace  with  the  piston,  and  the  line  corres- 
ponding to  the  period  of  admission  will  slope  downwards 
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from  A  to  B.  This  limiting  of  the  steam  supply  is  called 
"  wire-drawing"  and  the  steam  is  said  to  be  "  wire-drawn" 
This  effect  also  occurs  in  engines  which  are  regulated  by 
a  "  throttle  valve  "  opened  and  closed  by  the  governor. 
It  always  involves  a  waste  of  power,  and  hence  it  is  pre- 
ferable to  govern  by  altering  the  position  of  the  cut  off, 
Bj  either  by  controlling  the  travel  of  the  ordinary  slide 
valve,  or  by  a  separate  "  expansion  valve."  Sometimes 
the  wire-drawing  is  so  marked  that  the  period  of  ad- 
mission can  scarcely  be  distinguished  from  that  of  expan- 
sion. 

If  the  exhaust  port  does  not  allow  a  sufficiently  ready 
egress  for  the  steam,  the  line  DE,  instead  of  practically 
coinciding  with  the  atmospheric  line,  will  be  considerably 
above  it.  This  shows  that  some  of  the  work  done  by  the 
steam  in  expanding  is  employed  in  overcoming  back 
pressure  which  detracts  from  the  work  done  by  the 
engine. 

426.  Actual  Indicator  Diagrams.  The  accompany- 
ing diagram  is  a  rough  copy  of  one  taken  from  an 
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engine  employed  in  blowing  a  fan.  It  will  be  noticed 
that  the  compression  commences  at  E,  or  at  about  one- 
half  stroke,  and  the  piston  in  its  motion  from  right  to 
left  compresses  the  steam  in  the  cylinder  until,  when 
the  steam  port  is  opened  at  F,  the  pressure  is  consider- 
ably greater  than  that  of  the  steam  in  the  boiler,  and 
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the  first  effect  of  the  opening  of  the  steam  port  is  the 
diminution  of  the  pressure  in  the  cylinder  down  to  that 
existing  in  the  boiler.  As  the  piston  advances  the  supply 
of  steam  is  insufficient  to  keep  up  the  pressure  in  the 
cylinder,  and  the  consequent "  wire-drawing  "  is  indicated 
by  the  downward  slope  of  the  admission  line  AB.  Such 
a  diagram  shows  that  there  is  a  great  waste  of  energy 
accompan3-ing  the  working  of  the  engine.  A  readjust- 
ment of  the  slide  valve,  making  the  compression  much 
later  and  opening  the  steam  ports  earlier,  so  that  there 
may  be  a  wider  aperture  for  the  admission  of  the  steam 
when  the  piston  advances,  would  enable  the  engine  to  do 
the  same  amount  of  work  with  a  much  smaller  supply  of 
steam  and,  consequently,  a  smaller  consumption  of  fuel. 

427.  Calculation  of  Work  Done.  If  the  pressure 
on  the  piston  remained  constant,  the  work  done  during  a 
single  stroke  of  the  engine  would,  of  course,  be  equal  to 
the  resultant  pressure  upon  the  piston  multiplied  by 
the  length  of  the  stroke.  In  estimating  the  re- 
sultant force,  we  must  take  account  of  the  pressure 
on  both  sides  of  the  piston.  Thus,  if  the  area  of  the 
piston  is  80  square  inches,  the  pressure  on  one  side  60 
Ibs.  on  the  square  inch  (i.e.  45  Ibs.  above  atmospheric 
pressure),  and  that  on  the  other  side  17  Ibs.  on  the 
square  inch,  the  resultant  pressure  will  be  equivalent  to 
43  Ibs.  on  the  square  inch,  and  will  be  equal  to  3440  Ibs-. 
on  the  whole  piston.  If  the  length  of  the  stroke  is  2 
feet,  the  work  done  during  the  single  stroke  will  be  6880 
foot-pounds.  If  similar  conditions  obtain  during  the 
return  stroke,  the'  whole  work  done  for  one  revolution  of 
the  engine  (if  it  has  only  a  single  cylinder)  will  be  13,760 
foot-pounds. 

But  instead  of  considering  the  pressure  on  both  sides  of 
the  piston  at  once,  it  is  generally  more  convenient'  to 
credit  the  steam  on  the  one  side  of  the  piston  with  the 
whole  of  the  work  it  does  during  the  advance,  and  debit  it 
with  the  work  which  has  to  be  done  against  the  steam 
pressure  on  the  same  side  during  the  return  of  the  piston. 
The  balance  is  the  amount  of  useful  work  obtained  from 
the  steam  on  that  side  of  the  piston  during  the  complete 
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revolution  of  the  engine.  The  steam  on  the  other  side 
is  then  treated  in  the  same  manner.  It  will  be  seen 
presently  that  this  balance,  or  total  amount  of  work  done 
by  the  steam  on  one  side  of  the  piston,  is  shown  by  the 
indicator  diagram  for  that  side. 

428.  Suppose,  as  before,  that  during  the  whole  of  the 
forward  stroke  of  the  piston  the  pressure  is  constant ; 
and  constant,  but,  of  course,  considerably  less,  during  the 
return  stroke.  The  indicator  diagram  will  then  be  a 
rectangle,  ABCD,  and  upon  a  certain  scale,  the  height  of 
its  top  side  AB  above  the  line  of  zero  pressure,  ON,  will 
represent  the  whole  pressure  on  the  piston,  while  its 
length  will  represent,  also  on  a  particular  scale,  the 

FIG.  59. 


length  of  the  stroke.  Hence  the  rectangle  ABNO  will 
represent  the  work  done  by  the  steam  on  one  side  of  the 
piston  during  the  forward  stroke.  "When  the  piston 
returns,  the  steam  still  exerts  a  pressure,  represented  by 
NC  or  CD,  and  this  opposes  the  motion  of  the  piston,  so 
that  an  amount  of  work  represented  by  CNOD  has  to  be 
done  against  this  pressure  during  the  return  stroke.  The 
difference  of  these  rectangles,  viz.,  the  rectangle  ABCD, 
represents  the  useful  effect  of  the  steam  on  the  one  side 
of  the  piston  during  a  complete  revolution  of  the  engine, 
and  this  rectangle  is  the  indicator  diagram  for  one  end  of 
the  cylinder  during  the  stroke.  If  we  add  to  this  the 
area  of  the  diagram  for  the  other  side  of  the  piston,  we 
obtain  the  whole  amount  of  work  done  during  the  double 
stroke. 
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429.  Now  suppose  that  the  pressure  is  variable,  and 
let  the  indicator  diagram  be  ABCD.  Draw  OA7,  the  line 
corresponding  to  zero  pressure,  and  let  CN  touch  the 
diagram  at  its  extreme  right.  Then  ON  represents  the 
length  of  the  stroke.  The  work  done  by  the  steam  while 
the  piston  moves  over  a  very  small  portion  of  its  stroke 
throughout  which  the  pressure  may,  without  sensible 
error,  be  regarded  as  constant,  will  be  equal  to  the 
product  of  the  pressure  and  the  corresponding  distance 
travelled  by  the  piston.  Thus,  the  work  done  during  the 
portion  of  the  stroke  represented  by  ef  will  be  represented 
by  the  area  of  the  strip  efgh,  and  so  on,  for  other  portions 
of  the  stroke.  Hence  the  whole  work  done  by  the  steam 

FIG.  60. 


on  one  side  of  the  piston  during  the  forward  stroke  will 
be  represented  by  the  area  ABCNO,  and  that  done  against 
the  steam  during  the  return  stroke  by  the  area  CNOD. 
The  useful  effect  will  therefore  be  represented  by  the 
area  of  the  indicator  diagram  ABCD.  In  the  figure  of 
Art.  426  the  area  of  the  little  loop  at  the  top  must  be 
subtracted  from  that  of  the  rest  of  the  diagram  in  order  to 
show  the  work  done. 

430.  In  employing  the  indicator  practically  for  the 
purpose  of  determining  the  rate  at  which  the  engine  is 
working,  it  is  usual  to  use  it  simply  for  the  purpose  of 
finding  the  average  difference  throughout  the  stroke 
between  the  pressure  of  the  steam  at  any  point  of  the 
forward  stroke  and  its  pressure  at  the  same  point  during 
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the  return.  This  is  represented  by  the  average  height 
of  the  indicator  diagram,  the  average  being  taken  by 
drawing  a  great  many  vertical  ordinates  at  equal  distances 
throughout  the  diagram,  and  just  as  the  area  of  the 
diagram  is  equal  to  its  average  height,  as  thus  determined, 
multiplied  by  its  length  (for  the  process  is  simply  equi- 
valent to  dividing  the  diagram  into  strips  and  taking 
the  sum  of  the  areas  of  the  strips),  so  the  work  done  by 
the  steam  on  one  side  of  the  piston  during  the  complete 
revolution  of  the  engine  will  be  equal  to  the  average 
difference  of  pressure  multiplied  by  the  area  of  the  piston 
and  by  the  length  of  the  stroke. 

Sometimes  this  average  difference  of  pressure,  or  mean 
effective  pressure,  as  it  may  be  called,  is  found  by  measur- 
ing the  area  of  the  diagram  with  a  planimeter,  and 
dividing  the  area  by  the  length.  The  result  represents, 
on  the  scale  of  the  diagram,  the  mean  effective  pressure. 
But  the  more  usual  method  consists  in  dividing  (in 
imagination)  the  diagram  into  a  certain  number  (say 
ten)  of  vertical  strips  of  equal  width,  and  drawing  and 
measuring  the  middle  ordinates  of  these  strips.  The 
mean  of  these  ordinates  is  very  nearly  equal  to  the  mean 
height  of  the  diagram,  and  represents  with  considerable 
accuracy  the  mean  effective  pressure.  It  is,  of  course, 
only  necessary  to  draw  these  middle  ordinates,  and  not 
the  lines  of  division  of  the  strips.  For  example,  if  ten 
ordinates  are  to  be  drawn,  we  have  only  to  divide  the 
length  of  the  diagram  into  twenty  equal  parts  and  draw 
ordinates  through  the  first,  third,  fifth,  etc.,  points  of 
division.  This  method  clearly  applies  equally  to  con- 
densing and  to  non-condensing  engines,  the  only  differ- 
ence being  that  in  the  latter  class  the  diagram  lies  wholly 
above  the  line  of  atmospheric  pressure,  while  in  the  former 
the  exhaust  line  may  be  very  little  above  the  line  of  zero 
pressure. 

Vi  431.  The  following  example  will  show  how  the  rate  at 
which  an  engine  is  working  can  be  determined  in  horse- 
power from  its  indicator  diagram,  speed,  length  of  stroke, 
and  area  of  piston.  It  should  be  noticed  that  in  addition 
to  the  indicator  diagram  it  is  necessary  to  know  the  area 
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of  the  piston,  the  length  of  its  stroke,  and  the  number  of 
revolutions  per  minute ;  or  instead  of  the  two  latter 
quantities,  we  may  substitute  the  mean  velocity  of  the 
piston  in  feet  per  minute. 

The  diameter  of  the  piston  of  a  single  cylinder  engine  is 
14  inches,  the  length  of  the  stroke  30  'inches,  the  number  of 
revolutions  per  minute  50,  the  indicator  diagrams  the  same 
on  both  sides  of  the  piston,  and  the  heights  of  the  equidistant 
ordinates  correspond  respectively  to  46  \,  50,  50,  36  \,  25,  18, 
13,  9,  6,  4  Ibs.  on  the  square  inch.  It  is  required  to  find  the 
H.  P.  at  which  the  engine  is  working. 

The  sum  of  the  above  differences  of  pressure  is  258,  and 
the  mean  effective  pressure  is  therefore,  25'8  Ibs.  on  the 
square  inch.  The  area  of  the  piston  is  49?r,  or  nearly  154 
square  inches,  and  the  distance  travelled  by  the  piston  in 
a  minute  is  250  feet.  Hence,  the  work  done  per  minute 
is  25-8  x  154  x  250,  or  993,300  foot-pounds,  and  the  horse- 
power is  therefore  -y/oVcn  or  30' L 

432.  If  the  diagrams  obtained  on  the  two  sides  of  the 
piston  are  not  similar,  the  mean  effective  pressure  must  be 
found  for  each  side,  and  the  mean  of  these  taken.  In 
ordinary  rotary  engines  there  is  not  generally  much 
difference  between  the  two  diagrams,  but  inasmuch  as 
the  shortness  of  the  connecting  rod  necessitates  the  piston 
being  some  distance  in  front  of  the  middle  of  the  cylinder 
in  the  forward  stroke  when  the  crank  shaft  has  turned 
through  a  quarter  revolution,  it  follows  that  there  is 
usually  an  appreciable  difference  between  the  diagrams 
for  the  front  and  back  of  the  piston.  Sometimes  with 
pumping  engines  nearly  the  whole  of  the  work  of  forcing 
the  water  is  done  during  the  return  or  down  stroke,  while 
in  the  forward  or  up  stroke  there  is  very  little  load  on 
the  engine.  In  such  a  case  the  steam  is  automatically 
cut  off  as  soon  as  sufficient  has  been  admitted  for  the 
work  of  the  stroke  (in  some  engines  the  cut-off  occurs  as 
soon  as  the  piston  has  attained  a  certain  speed).  The 
diagrams  will  then  be  very  different,  showing  the  differ- 
ence in  the  amount  of  work  done  during  the  forward  and 
return  strokes.  The  accompanying  figure  represents  two 
diagrams  from  a  pumping  engine  belonging  to  the 


INDICATOR    DIAGRAMS    OF    PUMPING    ENGINE. 


281 


Corporation  of  Nottingham.  The  diagram  marked  A 
corresponds  to  the  top  of  the  piston,  and  shows  a  much 
greater  supply  of  steam  than  the  diagram  B.  taken  from 
the  bottom  of  the  cylinder.  This  is  because  the  whole  of 
the  work  of  forcing  the  water  to  the  reservoir  was  done 
in  the  down  stroke  of  the  engine,  while  in  the  up  stroke 
the  engine  had  only  to  raise  the  water  from  the  well  to 
the  ram.  By  attaching  a  weight  to  the  end  of  the  beam, 

FIG.  61. 


and  compelling  the  steam  to  raise  the  weight  during  the 
up  stroke,  while  the  weight  assists  the  steam  in  the  down 
stroke,  it  is  possible  to  balance  the  engine  and  make  the 
two  diagrams  alike.  The  horizontal  line  in  the  diagram 
is  the  line  of  atmospheric  pressure.  It  is  usual  to  measure 
steam  pressure  in  pounds  per  square  inch  above  atmo- 
spheric pressure  ;  below  atmospheric  pressure  it  is  the 
common  practice  to  measure  steam  pressure  in  inches  of 
mercury. 

433.  The  four  accompanying  diagrams  show  the  work 
done  by  the  steam  on  one  side  of  the  piston  of  a  hori- 
zontal engine  with  a  single  cylinder,  the  governor  con- 
trolling the  travel  of  a  separate  expansion  valve  which 
regulated  the  cut-off  according  to  the  speed  of  the  engine. 
The  engine  was  making  50  revolutions  per  minute,  the 
diameter  of  the  piston  was  14  inches,  and  the  length  of 
the  stroke  30  inches.  When  the  first  diagram  was  taken 
the  engine  was  driving  only  a  couple  of  idle  pulleys,  and 
consequently  had  little  more  than  its  own  fractional 
resistance  to  overcome.  The  second  diagram  was  taken 
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when  the  engine  was  driving  a  counter-shaft  and  a 
10-light  Brush  Dynamo,  but  no  current  was  being  gene- 
rated, and  the  engine  had  therefore  only  the  mechanical 
resistance  of  the  system  to  overcome.  The  electric 
circuit  was  then  completed,  the  10  Brush  lamps  lighted, 
and  the  third  diagram  was  obtained.  A  mortar  mill  and 
some  other  machinery  were  then  connected  with  the 
engine,  and  the  fourth  diagram  was  the  result.  When 

FIG.  62. 


N?0 


this  last  diagram  was  taken  the  load  on  the  engine  was 
rather  too  great  for  economic  working. 

434.  Compound  Engines.  In  Art.  396  reference 
was  made  to  the  interchange  of  heat  between  the  work- 
ing steam  and  the  cylinder,  and  the  consequent  loss  of 
power.  The  action  will  be  best  seen  from  a  hypothetical 
indicator  diagram.  Thus  suppose  ABHDE  (Fig.  63)  to 
be  the  diagram  corresponding  to  the  amount  of  steam 
represented  by  AB  on  the  assumption  that  no  heat  passes 
between  the  steam  and  the  cylinder.  Suppose  that,  on 
account  of  the  action  referred  to,  the  actual  amount  of 
steam  admitted  to  the  cylinder  is  represented  by  AC,  and 
that  ACF  DE  is  the  diagram  which  would  be  drawn 
with  this  amount  of  steam  if  no  condensation  took  place 
on  entering  the  cylinder,  but  that  an  amount  of  steam 
represented  by  BC  is  at  first  condensed,  and  subsequent^ 
is  gradually  re-evaporated,  and  that  the  actual  diagram 
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is  ABODE,  some  of  the  steam  remaining  condensed  until 
after  the  exhaust  has  commenced.     It  is  clear  from  the 


FIG.  63. 


diagram  that  more  than  half  the  amount  of  work  which 
might  have  been  obtained  from  the  steam  corresponding 
to  BC  is  wasted  ;  and  comparing  the  areas  of  the  diagrams 
ABODE,  ABHDE,  and  the  corresponding  quantities  of 
steam  AC,  AB,  we  see  that  the  efficiency  of  the  steam  is 
very  much  diminished  by  the  interchange  of  heat  be- 
tween the  steam  and  the  cylinder.  If  heat  were  supplied 
to  the  cylinder  by  a  steam  jacket  or  otherwise  at  a 
sufficient  rate  to  prevent  any  cooling  of  the  cylinder  or 
its  contents,  the  condensation  above  referred  to  would, 
of  course,  not  take  place,  but  the  steam  would  be  ex- 
hausted into  the  condenser  at  the  full  temperature  of  the 
boiler,  and  a  considerable  amount  of  heat  would  thus  be 
carried  into  the  condenser  and  wasted.  The  loss  there 
produced  would,  however,  be  much  less  than  that  due  to 
the  action  just  described. 

435.  Whether  it  is  economical  to  employ  compound,  or 
triple  expansion  engines,  or  engines  working  with  simple 
expansion,  depends  on  the  range  of  pressure,  and  therefore 
of  temperature,  which  the  steam  may  undergo  in  the 
cylinder,  and  on  the  speed  of  the  engine.  The  last  factor 
is  too  often  left  out  of  consideration  in  questions  relating 
to  the  relative  merits  of  different  types  of  engine.  If  an 
engine  makes  very  few  strokes  in  a  minute,  a  long  time 
is  afforded  for  the  interchange  of  heat  between  the  cylin- 
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der  and  the  steam,  as  the  latter  slowly  expands  ;  but  in 
an  engine  making  600  revolutions  per  minute,  a  single 
stroke  is  completed  in  one- twentieth  of  a  second,  and  this 
is  all  the  time  available  for  the  passage  of  the  heat  into 
the  iron  and  out  again.  In  such  a  case  the  cylinder  will 
behave  almost  as  though  it  were  impervious  to  heat,  and 
a  steam  jacket  will  be  of  comparatively  small  benefit.  In 
high  speed  engines,  therefore,  the  boiler  pressures  at 
which  it  becomes  desirable  to  employ  compound,  triple 
expansion,  or  quadruplex  engines  are  much  higher  than 
in  the  case  of  slowly  running  engines. 

436.  One  very  important  point  secured  by  the  employ- 
ment of  compound  or  triple   expansion   engines,  is   the 
greater  uniformity  of  the  twisting  moment  transmitted  to 
the  shaft.     If  simple  expansion  is  employed,  the  stress  on 
the  piston  rod  is  very  great  indeed  at  the  beginning  of 
the  stroke,  and  is  perhaps  reduced  to  one-tenth  of  this 
amount  before  the  end  of  the  stroke.     In  the  compound 
and  triple  expansion  engine,  two  or  three  stages  of  ex- 
pansion are  going  on  together,  and  the  cylinders  are  de- 
signed  so  that  each  piston   transmits  the   same   initial 
stress,  and  the  variation  of  stress  in  each  is  confined  with- 
in comparatively  narrow  limits. 

In  many  marine  engines  the  diameter  of  the  low  pres- 
sure cylinder  especially  is  considerably  greater  than  the 
length  of  stroke.  In  such  cases  the  area  of  the  cylinder 
covers  and  of  the  faces  of  the  piston  is  great  compared 
with  that  of  the  cylindrical  surface,  and  it  is  a  common 
practice  to  jacket  the  cylinder  ends  ;  but  as  these  surfaces, 
unlike  the  cylindrical  surface,  are  not  exposed  to  wear, 
they  might  be  covered  with  a  good  non-conductor  of  heat, 
and  this  would  effectually  prevent  the  injurious  inter- 
change of  heat  referred  to,  and  probably  largely  increase 
the  efficiency  of  the  engine. 

437.  Adiabatic     and     Saturated     Curves      for 
Steam.     The  relation  between  the  pressure  and  volume 
of  wet  steam  when  expanding  without  loss  or  gain  of 
heat,  is  given  approximately  by  the  relation 

\o 

p  v  u  =  a  constant, 
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and  it  will  be  seen  that  this  differs  much  less  from  the 
isothermal  expansion  of  a  gas,  in  which  p  v  is  constant, 
than  does  the  adiabatic  for  a  perfect  gas  in  which  pv  l'43 
is  constant.  If,  therefore,  saturated  steam  were  made  to 
expand  without  receiving  any  heat  from  the  cylinder,  the 
pressure  would  fall  at  a  much  lower  rate  than  if  a  perfect 
gas,  or  superheated  steam  in  which  no  condensation  took 
place,  were  expanding  under  the  same  circumstances. 

If  the  steam  were  to  remain  just  saturated,  the  relation 
between  the  pressure  and  volume  would,  according  to 
Kankine,  be  given  approximately  by  the  equation : 

_i_i 
pv16  =a  constant ; 

but  this  would  necessitate  the  addition  of  heat  to  the 
steam.  It  is  impossible  for  any  steam  jacket  to  keep  the 
temperature  of  the  contents  of  the  cylinder  absolutely 
constant,  but  it  may  be  considered  perfectly  effective  if 
it  succeed  in  preventing  condensation  and  causing  the 
steam  to  expand  according  to  the  relation  just  given.  If 
it  were  possible  entirely  to  prevent  transfer  of  heat  be- 
tween the  steam  and  the  cylinder  and  piston  by  employ- 
ing a  perfect  non-conductor  of  heat,  the  engine  would  be 
more  economical  than  an  engine  provided  with  steam 
jackets,  for  less  heat  would  be  carried  to  the  condenser 
(on  account  of  the  exhaust  steam  being  at  a  lower  tem- 
perature and  partially  liquefied),  and  therefore  a  greater 
percentage  would  be  utilized  in  the  engine. 

438.  Horse  Power  of  Engines.  In  determining 
the  horse-power  of  an  engine,  it  is  important  to  dis- 
tinguish between  the  indicated  horse-power,  or  the  rate 
at  which  work  is  done  by  the  steam  on  the  piston,  and 
the  brake  horse-power,  or  power  which  the  engine  can 
transmit  to  external  shafting  and  machinery.  The  differ- 
ence between  the  two  is  due  to  the  friction  of  the  parts 
of  the  engine  itself,  particularly  the  packing  rings  of  the 
piston,  the  packing  surrounding  the  piston  rods,  the  cross 
heads  on  the  guides,  the  slide  valves  and  eccentrics,  the 
bearings  of  the  crank  shaft,  etc.  This  difference  may 
vary  from  ten  or  fifteen  per  cent,  in  large  engines  (of,  say, 
100  horse-power)  and  of  very  first-class  workmanship,  to 
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thirty  or  forty  per  cent,  in  small  engines  and  engines  of 
inferior  workmanship  ;  and  in  very  small  engines  (of  half 
a  horse-power)  may  amount  to  considerably  more  than 
this.  It  is  doubtful,  however,  whether  80  per  cent,  of 
the  indicated  power  is  actually  transmitted  to  the  pro- 
peller shaft  in  any  marine  engine.  The  amount  of  steam 
required  per  indicated  horse-power  of  course  depends  on 
the  boiler  pressure  of  the  steam  and  the  pressure  at  which 
the  engine  exhausts.  In  a  triple  expansion  condensing 
engine,  with  a  boiler  pressure  of  160  Ibs.  on  the  square 
inch,  a  horse-power  may  be  indicated  with  a  consump- 
tion of  only  12  Ibs.  of  steam  per  hour,  but  15  Ibs.  is  con- 
sidered good  work.  In  engines  capable  of  indicating 
about  100  horse-power,  with  a  boiler  pressure  of  140  Ibs. 
per  square  inch,  and  exhausting  into  the  air,  a  horse- 
power may  be  indicated  with  a  consumption  of  about 
20  Ibs.  of  steam  per  hour ;  and  in  special  trials  a  higher 
efficiency  than  this  has  been  obtained  even  with  small 
engines. 

439.  The  difference  between  the  indicated  and  brake 
horse-power  depends,  of  course,  very  much  on  the  design 
of  the  engine.  For  example,  the  power  absorbed  by 
friction  in  a  horizontal  engine  will  generally  be  greater 
than  in  a  vertical  engine,  as  the  weights  of  the  pistons, 
cross-heads,  etc.,  have  to  be  supported,  and  necessarily 
produce  considerable  friction.  Also,  in  the  case  of  con- 
densing engines,  the  power  required  to  drive  the  air 
pumps  and  circulating  pumps  has  to  be  taken  from  the 
engines,  and  increases  the  difference  between  the  indi- 
cated power  and  that  transmitted  to  the  propeller  shaft. 
Again,  very  large  slide  valves,  such  as  are  frequently 
employed  in  marine  engines  in  order  to  give  sufficient 
steam  way  at  an  early  stage  in  the  stroke,  introduce  a 
very  great  amount  of  friction,  and  require  a  correspond- 
ingly large  amount  of  power  to  move  them.  Thus,  of 
two  engines,  the  first  may  indicate  a  considerably  higher 
power  than  the  second,  but  the  power  actually  trans- 
mitted to  the  shaft  may  be  greater  in  the  case  of  the 
second  engine. 
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CHAPTER  I. 

1.  DEFINE  temperature.     When  is  one  temperature  said  to 
be  higher  than  another  ? 

2.  When  are  bodies  said  to  be  in  thermal  equilibrium  ? 

3.  What  method  is  adopted  in  practice  to  determine  whether 
two  bodies  are  in  thermal  equilibrium  or  not  ? 

4.  Give  a  definition  of  temperature,  and  explain  accurately 
how  a  mercurial  thermometer  is  filled  and  graduated. 

5.  Why  should  a  mercurial  thermometer  be  kept  for  a  long 
while  after  it  has  been  filled  before  it  is  graduated  ? 

G.  Will  two  thermometers,  with  tubes  of  uniform  bore, 
filled  with  the  same  fluid,  and  having  their  freezing  and  boiling 
points  accurately  determined ;  necessarily  agree  at  intermediate 
temperatures  ? 

7.  Describe  some  form  of  maximum  thermometer. 

8.  Why  is  mercury  used  to  fill  ordinary  thermometers  ? 

9.  What   advantages   or   disadvantages  attend  the   use  of 
(1)  mercury  or  (2)  air  in  a  thermometer  ? 

10.  A  thermometer  is  graduated  to  register  at  the  freezing- 
point  15°  and  at  the  boiling-point  125°.     What  division  in  it 
corresponds  to  104°  F.  ?    &• 

11.  De  Lisle's  thermometer  registers  at  the  boiling-point  0° 
and  at  the  freezing-point  150°.     Find  the  temperature  on  the 
Centigrade  scale  which  corresponds  to  95°  De  L.    $£  V 

12.  What  temperature  is  denoted  in  Fahrenheit's  scale  by 
a  number  twice  as  large  as  in  the  Centigrade  scale  ?     ^ 
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13.  Two  thermometers  having  been  made  from  equal  tubes, 
it  is  found  that  divisions  of  the  same  length  serve  as  a  Reaumur 
scale  for  one  and  as  a  Centigrade  scale  for  the  other.  Compare 
the  quantities  of  mercury  in  the  thermometers.  ,-, 


CHAPTER   II. 

1.  EXPLAIN  the  difference  between  temperature  and  quantity 
of  heat. 

2.  What   thermal   unit    is   generally  employed   to  measure 
quantities  of  heat  ? 

3.  Define  specific  heat  and  describe  a  method  by  which  the 
specific  heat  of  a  solid  body  may  be  determined.     State  the  pre- 
cautions required  in  practice,  and  the  method  of  correcting  for 
loss  of  heat. 

4.  Distinguish  between  capacity  for  heat  and  specific  heat. 

5.  Does  the  specific  heat  of  a  body  generally  depend  upon 
its  temperature  ? 

6.  Describe  an  apparatus   by  which  the  quantity  of  heat 
given  off  by  any  substance  in  cooling  from  anj7  ordinary  tem- 
perature to  0°C.  may  be  measured. 

7.  Describe  the  method  of  determining  the  specific  heat  of 
a  solid  by  means  of  a  Bunsen's  ice  calorimeter,  and  point  out 
the  advantages  of  this  method. 

8.  Describe  Regnault's  method  of  determining  the  specific 
heat  of  gases  under  constant  pressure. 

9.  How   much    coal   is   required    to    heat  40   tons  of  iron 
through    1000°  C.,  supposing  a  pound  of  coal    in   burning  to 
produce  8000  units  of  heat,  and  the  specific  heat  of  iron  to  be 
•11379? 

10.  If  60  Ibs.  of  mercury  at  80°  C.  are  poured  into  20  Ibs.  of 
water  at  10°  C.,  what  will  be  the  temperature  of  the  mixture  ? 

11.  A  pound  of  water  at  200°  F.  is  mixed  with  a  pound  of 
mercury  at   60°  F.      What   will    be   the    temperature   of  the 
mixture  when  it  has  become  uniform,  supposing  that  no  heat 
is  lost  from  it? 
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12.  One  pound  of  iron,  at  a  temperature  of  100°  C.,  is  placed 
in  1*5  Ibs.  of  water  at  20°  C.,  and  when  the  temperature  of  the 
iron  and  water  is  the  same  it  is  found  to  be  25°  C. ;  find  the 
specific  heat  of  iron. 

13.  Calculate  the  specific  heat  of  a  substance  from  the  follow- 
ing data  :  3T8  grammes  heated  to  100°  C.,  when  immersed  in  a 
calorimeter  containing  107  grammes  of  water  at  11*09°  C.,  caused 
a  resulting  temperature  of  12'57°  C. 

14.  A   piece  of  metal,  weighing   120   grammes,  and   at  a 
temperature  of  100°  C.,  is  immersed  in  360  grammes  of  water 
at  19°  C.     After  the  temperatures  have  become  uniform,  that 
of  the  water  is  found  to  be  22°  C.     Calculate  the  specific  heat 
of  the  metal. 

15.  The  temperature  of  300  grammes  of  iron,  whose  specific 
heat  is  -113,  is  raised  to  98°  C.,  and  the  iron  is  then  immersed 
in  200  grammes  of  water  originally  at  12°  C.,  and  contained  in 
a  copper  vessel  weighing  80  grammes.    What  will  be  the  result- 
ing temperature  supposing  no  heat  to  escape,  the  specific  heat 
of  copper  being  '095  ? 

16.  A  lump  of  platinum,  weighing  12  Ibs.,  was  plunged  into 
a  vessel  containing    10   Ibs.  of    water   at   15C  C.     When   the 
temperature  had   become  uniform  it  was  found   to   be  30°  C. 
Assuming  that  no  heat  was  lost  during  the  experiment,  calcu- 
late what  the  temperature  of  the  platinum  must  have  been,  its 
specific  heat  being  '032. 

17.  A  pound  of  iron  at  100°  C.  is  placed  in  a  receiver  of 
Laplace's   calorimeter,  and   the  water  which    flows   from   the 
apparatus  is  found  to  weigh  '144  Ibs.     Find  the  specific  heat  of 
iron. 


CHAPTER   III. 

1.  ENUMERATE  the  principal  sources  of  heat. 

2.  Mention  some  cases  in  which  chemical  action  produces  a 
considerable  quantity  of  heat. 

3.  Explain  how  the  heat  produced  by  an  ordinary  coal  fire 
has  been  originally  derived  from  the  sun. 

4.  What  condition  must  be  fulfilled  by  the  temperature  of 
the  products  of  combustion  in  order  that  a  substance  may  con- 
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tinue  to  burn  in  air  ?     Why  will  ammonia  burn  in  pure  oxygen 
but  not  in  air  ? 

5.     How  would  you  determine  the  calorific  power  of  a  sample 
of  coal  ? 

G.     Mention  some  cases  in  which  heat  is  produced  by  purely 
mechanical  means. 

7.  What  is  the  effect  of  heat  upon  stretched  india-rubber  ? 
and  what  the  effect  on  the  temperature  of  a  piece  of  india- 
rubber  of  suddenly  stretching  it  ? 

8.  Describe  some  experiment  by  which  the  heating  effect  of 
an  electric  current  may  be  rendered  apparent. 

9.  According  to  what  law  does  the  heat  produced  by  an 
electric  current   in  a  wire  depend  upon  the  strength  of   the 
current  and  the  resistance  of  the  wire  ? 

10.  Account  for  the  heat  produced  by  the  sudden  crystal- 
lization of  a  quantity  of  salt  which  has  been  held  in  solution. 

11.  A  pound  of  hydrogen  in  burning  produces  34,000  units 
of  heat.     If  it  burn  in  pure  oxygen  at  15°  C.,  producing  9  Ibs. 
of  steam  of  specific  heat  *48,  what  should  be  the  temperature 
of   the  flame  if  a  suitable  furnace   prevent   loss  of  heat   by 
radiation?      ^(^?j^,f)  *  <,  u 

12.  In  the  preceding  question,  what  would  be  the  tempera- 
ture of  the  flame  if  the  hydrogen  burned  in  a  mixture  consisting 
of  21  per  cent,  of  oxygen  and  79  per  cent,  of  nitrogen,  supposing 
the  hydrogen  capable  of  consuming  the  whole  of  the  oxygen, 
and  the  specific  heat  of  nitrogen  to  be  *25  ? 

CHAPTER  IV. 

1.  DEFINE  the  coefficients  of  linear,  superficial,  and  cubic 
expansion  of  a  solid,  and  show  that  the  coefficients  of  superficial 
and  cubic  expansion  may  be  taken  as  twice  and  three  times 
that  of  linear  expansion  respectively. 

2.  Place  the  following    substances    in    the  order  of   their 
coefficients   of    expansion  :    air,  alcohol,  glass,  iron,  mercury, 
water. 

3.  Describe  Roj^  and  Ramsden's  method  of  determining  the 
coefficient  of  linear  expansion  of  a  metal. 


EXAMPLES.  291 

4.  How  is  it  proved  that  water  has  a  point  of  maximum 
density,  and  what  natural  phenomenon  does  this  account  for? 

5.  What  is  the  difference  between  the  real  and  apparent 
coefficients  of  expansion  of  a  fluid  ? 

G.  Show  how  to  determine  experimentally  the  coefficient  of 
apparent  cubic  expansion  of  a  liquid  contained  in  a  glass 
envelope. 

7.  Describe  Dulong  and  Petit's  mode  of  determining  the 
absolute  coefficient  of  expansion  of  mercury. 

8.  Explain  how  to  employ  a  weight  thermometer  to  deter- 
mine the  cubic  expansion  of  a  metal  rod.     Can  the  method  be 
adopted  with  all  metals  ? 

9.  Describe  three  forms  of  compensating  pendulums. 

10.  Describe  the  plan  adopted  on  railways  in  order  to  pre- 
vent variations  of  temperature  changing  the  positions  of  points 
which  are  moved  by  levers  at  a  considerable  distance  and  con- 
nected to  them  by  iron  rods. 

11.  If  a  line  of  railway  be  laid  with  rails  which  are  8  yards 
long  at  0°  C.,  find  the  least  distance  between  consecutive  rails 
which  will  allow  of  the  expansion  due  to  an  increase  of  tem- 
perature of  30°  C.,  the  coefficient  of  expansion  of  iron   being 
•000012. 

12.  The  cubic  dilatation  of  mercury  for  1°F.  is  about  '0001, 
and  the  linear  expansion  of  brass  for  1°F,  about  -00001.     A 
barometer  with  a  brass  scale  correctly  graduated  at  62°  F.  reads 
30  inches  at  47°  F.    Find  the  true  pressure  reduced  to  inches  of 
mercury  at  32°  F. 

*"""7"j  —  To 

13.  The  coefficient  of  expansion  of  iron  wire  is  '00001235, 
and  the  length  of  wire  between  a  distant  signal  and  the  signal- 
box  is  900  yards.    If  the  wire  has  to  be  pulled  through  6  inches 
to  lower  the  signal,  find  what  increase  of  temperature  of  the 
wire  will  allow  the  signal  to  return  to  danger  after  it  has  been 
lowered. 

14.  The  capacity  of  the  bulb  of  a  thermometer  is  500  times 
that  of  each  inch  of  the  tube ;  the  mercury  just  fills  the  bulb 
at  0°C.     How  far  up  the  tube  will  it  stand  at  10°  C.,  assuming 
the  coefficient  of  cubic  expansion  of  mercury  in  glass  to  be 
•000155? 
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15.  The  specific  gravity  of  silver  atO°C.  is  1O5.    Assuming 
its  coefficient  of  linear  expansion  to  be  '00002,  show  that  its 
specific  gravity  at  1000  C.  is  9'90  (water  at  0°C.  being  taken 
as  the  standard). 

16.  The  time  of  vibration  of  a  pendulum  varies  as  the  square 
root  of  its  length.     A  clock  keeps  correct  time  at  0°  C.,  but  loses 
37'35  seconds  per  week  at  10°  C.     Find  the  coefficient  of  linear 
expansion  of  its  pendulum. 

ft 
CHAPTER  V. 

1.  STATE  Boyle's  law,  and   describe  some  experiment   by 
which  its  truth  may  be  shown. 

2.  Define  the  coefficient  of  cubic  expansion.     What  is  its 
value  in  the  case  of  the  more  permanent  gases  ? 

3.  State  the  law  connecting  the  pressure  and.  temperature 
of  a  quantity  of  gas  at  constant  volume. 

4.  Describe  Balfour  Stewart's  apparatus  for  determining  this 
relation. 

5.  What  formula  expresses  the  relation  between  the  pressure 
and  temperature  of  air  at  constant  volume,  and  what  the  relation 
between  the  volume  and  temperature  at  constant  pressure  ?    Are 
the  constant  coefficients  identical  in  the  two  formulae  ? 

6.  State  the  relations  between  volume,  pressure,  and  tem- 
perature in  a  perfect  gas.     In  what  manner  does  a  real  gas, 
such  as  carbonic  anhydride,  differ  from  the  hypothetical  perfect 
gas? 

7.  Describe  some  form  of  air  thermometer,  mentioning  its 
advantages  and  disadvantages. 

8.  Do  the  indications  of  a  mercurial  thermometer,  properly 
pointed  at  the  freezing  and  boiling  points,  and  uniformly  divided, 
agree  with  those  of  an  air  thermometer  for  all  temperatures  for 
which  it  may  be  used?     Why  is  the  scale  of  the  air  ther- 
mometer considered  of  great  importance  ? 

9.  250  cub.  cent,  of  hydrogen  are  measured  at  77°  F.  and 
750  mm.  pressure ;  what  would  the  gas  measure  at  0°  C.  and 
760  mm.  pressure  ?   a  e^ 
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10.     If  a  gas  occupy  1000  cub.  cent,  at  10°  C..  what  will  be 
its  volume  at  100°  C.  under  the  same  pressure  ? 


11.  A  quantity  of  air  which  occupies  l^VV  cu^-  ffc-  at  10°  C. 
and  under  pressure  of  30  inches  of  mercury,  is  raised  to  15°  C. 
and  the  pressure  reduced  to  29  inches.     Find  its  volume. 

12.  Find  the  volume  at  45°  C.  and  under  pressure  of  1500 
mm.  of  mercury,  of  a  quantity  of  air  which,  at  27°  C.  and  under 
a  pressure  of  760  mm.,  occupies  10  cubic  ft. 

13.  A  quantity  of  gas  occupies  26   cub.   in.   at  60°  F.  and 
under  a  pressure  of  29  inches  of   mercury  ;  how  much  space 
will  it  occupy  when  the  temperature  has  risen  to  65°  F.  and  the 
pressure  to  50  inches  ? 

14.  If  the  compressed  air  in  a  flooded  coal-pit  occupied  2500 
cub.  ft.  at  50°  F.  and  under  pressure  of  70  inches  of  mercury, 
how  much  space  would  it  fill  at  60°  F.  and  under  pressure  of 
29  '5  inches  of  mercury  ? 

15.  What  will  be  the  volume  of  100  grammes  of  hydrogen 
at  273°  C.  under  a  pressure  of   1420  mm.,  assuming  that  a  litre 
of  hydrogen  at  0°  C.  under  a  pressure  of  760  mm.  weighs  -0896 
gramme  '? 

16.  If  the  air  in  a  fire-balloon  be  raised  to  100°  C.,  the  tem- 
perature of  the  surrounding  air  being  0°  C.,  and  the  volume  of 
the  balloon  373  cubic  feet,  show  that  the  balloon  will  not  ascend 
if  its  weight  exceed  7TV  Ibs.,  assuming  the  weight  of  a  cubic 
foot  of  air  at  0°  C.  and  under  atmospheric  pressure  to  be  1/2 
ozs. 

17.  The  volume  of  a  bubble  of  gas  generated  under  water  at 
a  depth  of  200  fathoms  is  -g^Vo  °f  a  cubic  inch.     What  will  its 
volume  be  when  it  reaches  the  surface,  the  temperature  remain- 
ing constant  and  the  height  of  the  water  barometer  being  33 
feet? 

18.  A  given  quantity  of  gas  kept  at  constant  pressure,  in 
being  raised  from  0°C.  to  100°  C.  expands  in  volume  in  the  ratio 
of  1  to  1-366.    Find  the  absolute  zero  of  the  air  thermometer  on 
Centigrade  scale. 

19.  Assuming  that  30  cubic  inches  of  air  at  0°C.  would 
occupy  41  cubic  inches  at  100°  C.  under  the  same  pressure,  find 
the  position  on  the  Centigrade  scale  of  the  absolute  zero  of  the 
air  thermometer. 
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CHAPTER  VI. 

1.  EXPLAIN  the  term  "unit  of  heat,"  and  " latent  heat  of 
fusion." 

2.  What  becomes  of  the  heat  absorbed  by  a  body  in  chang- 
ing its  state  from  the  solid  to  the  liquid,  or  from  the  liquid  to 
that  of  vapour  ? 

3.  How  is  the  latent  heat  of  water  determined  ? 

4.  Find  the  least  quantity  of  water  at  0°  C.  which,  surround- 
ing a  pound  of  solid  mercury  at  its  freezing  point, — 39°  C.,  will 
just   melt  the  mercury  without  altering   the  temperatures  of 
either  substance,  assuming  the  latent  heat  of  fusion  of  water 
and  mercury  to  be  79*5  and  2*8  respectively. 

5.  Find  also  the  ultimate  common  temperature  of  the  ice  and 
mercury,  their  specific  heats  being  J  and  -^  respectively. 

6.  What  is  the  effect  of  pressure  upon  the  melting-points  of 
ice,  paraffin,  cast-iron,  lead,  gold,  and  type  metal  ? 

7.  How  do  you  explain  the  fact  that  two  pieces  of  ice  float- 
ing in  contact  on  the  surface  of  water  will  freeze  together  ? 

8.  When  is  a  liquid  said  to  boil  ? 

9.  State  the  laws  of  evaporation,  and  explain  the  meaning 
of  the  assertion  that  one  gas  or  vapour  acts  as  a  vacuum  to 
another. 

10.  Explain  the  nature  of  ebullition.     What  circumstances 
influence  the  temperature  at  which  it  takes  place  ? 

11.  How  may  the  height  of  a  mountain    be  measured  by 
means  of  boiling  water  and  a  thermometer? 

12.  Define  the  quantity  called  the  latent  heat  of  steam  at 
100°  C.,  and  describe  a  method  by  which  it  may  be  determined. 

13.  Wrater  which  is  boiling  freely  in  an  open  vessel  is  sud- 
denly shut  in  by  an  air-tight  lid  ;  what  follows  ? 

14.  In  a  closed  vessel  is  contained  water  which  has  cooled  so 
that  ebullition  has  ceased.     How  may  the  water  be  made  to 
boil  again  without  applying  heat  to  the  vessel? 
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15.  Regnault  found  the  "  total  heat  "  of  the  vapour  of  water 
at  t°  C.  to  be  606'5  +  O305Z.  Explain  the  meaning  of  this  state- 
ment. 


Water  boils  on  the  top  of  Mont  Blanc  at  85°  C.      Find  the 
latent  heat  of  steam  there  ? 

16.  Describe  a  simple  experiment  showing  that  the  pressure 
of  aqueous  vapour  at  a  constant  temperature  cannot  exceed  a 
certain  amount. 

17.  How  would  you  expect  a  liquid  to  behave  when  heated 
to  the  boiling  point,  if  the  latent  heat  of  evaporation   were 
zero? 

18.  "What  is  the  dew-point,  and  how  is  it  determined  ? 

19.  State  Dalton's  laws  for  the  formation  of  vapour,  and 
show  how  to  verify  them  experimentally. 

20.  Describe  Dalton's  method  of  determining  the  tension  of 
aqueous  vapour  between  0°  C.  and  100°  C. 

21.  Explain  the  cooling  action  of  a  draught  of  air. 

22.  What  is  meant  by   the  hygrometric  state  of  the  air? 
Explain  how  it  is  determined  by  means  of  Daniell's  dew-point 
hygrometer. 

23.  What   are  the  laws  followed  by  saturated    and  non- 
saturated  vapours  respectively  ? 

24.  Describe  the  wet-bulb  thermometer.     What  processes 
are  going  on  in  the  air  round  the  wet-bulb  ?      What  practical 
use  is  made  of  this  thermometer  ? 

25.  Explain  the  action  of  Wollaston's  cryophorus. 

26.  By  what  method  has  the  increase  of  pressure  of  a  given 
volume  of  air  when  raised  from  0°  C.  to  100°  C.  been  deter- 
mined.    How  would  the  presence  of  water  in  the  vessel  affect 
the  result  of  the  experiment  ? 

27.  Explain  how  advantage  may  be  taken  of  the  spheroidal 
state  of  a  volatile  liquid  in  order  to  freeze  water  or  mercury 
in  a  red-hot  vessel. 

28.  How  do  you  account  for  the  apparently  serrated  form 
sometimes  assumed  by  liquids  when  in  the   spheroidal  condi- 
tion? 
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29.  Explain  a  process  by  which   intense  cold  can  be  pro- 
duced by  means  of  carbonic  anhydride  ? 

30.  Describe  Dr.  Andrews'  experiments  on  the  connection 
between  the  gaseous  and  liquid  states  in  the  case  of  carbonic- 
anhydride. 

31.  Trace  the  changes  in  volume   of  a  pound  of  ice  as  it 
is  gradually  heated  tinder  normal  atmospheric  pressure  from 
-20°C.  to  120°  C. 

What  are  the  quantities   of  heat  required  during  each  suc- 
cessive rise  of  10°  C.  during  the  process  ? 

32.  Seven  pounds  of  iron  at  100°  C.  are  placed  upon  a  mass 
of  ice  at  0°  C.     The  specific  heat  of  iron  being  '113,  and  the 
latent  heat  of  water  79'5  ;  how  much  water  will  be  produced  ? 

33.  The  latent  heat  of  fusion  of  ice  being  79*5,  if  1  Ib.  of  ice 
at  0°  C.  be  dropped  into  2  Ibs.  of  water  at  15'5°  C.,  how  much 
of  it  will  remain  unmelted  ? 

34.  If  10  Ibs.  of  ice,  originally  at  - 10°  C.  are  boiled  away 
at  ordinary  pressure,  find  the  amount  of  heat  required,  having 
given  that  the  specific  heat  of  ice  is  *5,  the  latent  heat  of  fusion 
79'25,  and  the  latent  heat  of  vaporization  of  water  at  100°  C.  is 
537. 

35.  Given  that  the  latent  heat  of  evaporation  of  water  at 
100°  C.   is  537,   find  how  many  pounds  of  steam  at  100°  0. 
must  be  blown  into  50  Ibs.  of  water  at  20°  C.  to  make  the  water 
boil. 

36.  If  If  Ibs.  of  ice  at  0°  C.  be  dropped  into  1  Ib.  of  water 
at  100°  C.,  what  will  be  the  resulting  temperature  of  the  mix- 
ture, and  of  what  will  it  consist  ? 

37.  The  specific  heat  of  ice  is  '504.     The  air   and  every- 
thing else  in  a  certain  room  is  at  0°  C.,  and  a  pound  of  ice  at 
— 10°  C.  is  placed  in  a  vessel  in  the  room,  and  water  at  12°  C. 
is  slowly  poured  upon  it.     It  is  found  that  7'045   Ibs.  of  water 
are  required  to  just  melt  the  ice.    Find  the  latent  heat  of  fusion 
of  water. 

38.  How  much  steam  at  100°  C.  must  be  passed  into  100  Ibs. 
of  water  at  0°  C.  to  raise  the  whole  to  50°  C.,  supposing  the 
whole  of  the  steam  condensed  in  the  water  ? 
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30.  What  amount  of  steam  at  100°  C.  must  be  passed  into 
100  Ibs.  of  water  at  0°  C.,  in  which  10  Ibs.  of  ice  are  floating, 
in  order  to  raise  the  temperature  of  the  whole  to  50°  C.  ? 

40.  How  many  pounds  of  iron  at  200°  C.  must  be  placed  in  a 
vessel  containing  10  Ibs.  of  ice  at—  10°  C.  in  order  to  convert 
all  the  ice  into  steam  at  100°  C.,  the  capacity  for  heat  of  the 
vessel  being  equal  to  that  of  2  Ibs.  of  water,  and  no  heat  being 
supposed  to  escape  ? 

41.  The  barometer  stands  at  30  inches,  the  thermometer  at 
20°  C.,  and  the  dew-point  is  15°  C.     The  maximum  pressure  of 
aqueous  vapour  at  15°  C.  is  *508  inch.      What  portion  of  the 
pressure  indicated  by  the  barometer  is  due  to  aqueous  vapour  ? 

42.  What  is  the  weight  of  100  cubic  centimetres  of  damp 
oxygen  collected  over  water  at  20°  C.  under  a  pressure  of  760 
mm.,  it  being  given  that  a  litre  of  hydrogen  at  0°  C.  and  under 
a  pressure  of  760  mm.  weighs  "0896  gramme  :    the  densities  of 
oxygen  and  aqueous  vapour,  compared  with  hydrogen  as  unity, 
are  respectively  16  and  9,  and  the  maximum  pressure  of  aqueous 
vapour  at  20°  C.  is  17'7  mm.  ?      /  ^  h- 

43.  Calculate  the  weight  of  a  litre  of  hydrogen   collected 
over  water  at  20°  C.,  the  barometric  pressure  being  765  mm., 
assuming  that  a  litre  of  hydrogen  at  0°  C.  and  under  a  pressure 
of  760  mm.   weighs    '0896    gramme  :    the  density  of  aqueous 
vapour  is  nine  times  that  of  hydrogen  at  the  same  temperature 
and  pressure,  and  the  maximum  pressure  of  aqueous  vapour  at 
20°  C.  is  17-4  mm. 

44.  A  closed  tube,  20  inches  long,  containing  dry  air  at  a 
pressure  of  30  inches  of  mercury,  is  separated  into  two  equal 
parts  by  a  narrow  piston.     As  much  water  as  will  evaporate  is 
then  introduced  into  one  portion  of  the  tube,  the   temperature 
of  the  whole  being  maintained  at  64°  F.      How  far  will   the 
piston  move,  the  maximum    pressure    of    aqueous   vapour   at 
64°  F.  being  assumed  to  be  '6  in.  ? 


-73; 

-  •orr^ 
CHAPTER  VII. 

. 

1.  .bOR  what  purpose  is  iron  comparatively  useless  in 

proof  structures,  and  why  ?  - 

/ 

2.  What  is  meant  by  tempering,  as  applied  to  steel  ?  ,- 
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How  would  you  temper  a  graver  for  cutting  iron  ? 

3.  What  is  the  effect  of  heating  and  suddenly  cooling   a 
piece  of  copper  ? 

What  influence  has  hammering  upon  the  mechanical  proper- 
ties of  copper  and  brass  ? 

4.  What   is   the  effect  of  heating    a    magnet  (1)  through 
three  or  four  degrees,  (2)  to  a  red  heat,  and  then  allowing  it 
to  cool ? 

5.  What   influence   has    increase   of    temperature    on   the 
electrical  resistance  of  (1)  metallic  conductors,  and  (2)  electro- 
lytes? 

6.  What  is  the  Peltier  effect  ? 

Why  is  it  generally  not  advisable  to   employ  a  very  strong 
current  in  order  to  show  the  Peltier  effect  ? 

7.  According  to  what  law  does  the  electro-motive  force  of 
a  thermo-electric  couple  depend  upon   the  temperatures  of  the 
junctions  ? 

8.  What  is  meant  by  thermo-electric  inversion  $ 
Describe  an  experiment  illustrating  this  inversion. 

9.  Describe  some  form,  of  thermo-electric  pile. 


CHAPTER  VIII. 

1.  GIVE  a  short  description  of  the  three  methods  by  which 
heat  is  conveyed  from  one  place  to  another.     Distinguish  care- 
fully between  convection  and  radiation. 

2.  How  would  you  compare  the  thermal  conductivities  of 
two  good  conductors  of  heat  ? 

3.  Two  equal  bars  of  different  metals  are  coated  with  wax, 
and  one  end  of  each  exposed  to  the  same  source  of  heat.      Why 
cannot  we  compare  their  thermal   conductivities  by  observing 
the  time  required  to  melt  the  wax  to  a  given  distance  along 
each  ? 

4.  Define  the  thermal  conductivity  of  a  substance,  and  show 
how  it  depends  on  the  various  fundamental  units.      Hence,  find 
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the  requisite  factor  for  changing  the  measure  of  the  thermal 
conductivity  of  a  substance  from  pound,  foot,  minute,  Fahr., 
into  gramme,  centimetre,  second,  C.,  supposing  1000  grammes 
to  be  equal  to  2j  Ibs.,  and  30  centimetres  to  one  foot. 

5.  Give  -an   account  of  Principal  Forbes'  investigation  of 
the  thermal  conductivity  of  wrought  iron  at  different  tempera- 
tures. 

6.  How  may  it  be  shown  that  the  conductivity  for  heat 
varies  in  different  directions  in  the  same  crystal  ? 

7.  How  may  it  be  proved  experimentally  that  water  is  a  bad 
conductor  of  heat  ? 

Explain  how  the  temperature  of  water  is  raised  when  heat  is 
applied  beneath  it. 

8.  Explain  how  buildings  may  be  warmed  by  convection  of 
heat  in  water. 

9.  Show  what   part    is    played    by  convection-currents   in 
causing  the  north-west  of  Europe  to  be  warmer  than  the  places 
in  the  same  latitude  on  the  east  coast  of  America. 

10.  At  what  temperature  does  water  under  ordinary  circum- 
stances attain  its  maximum  density  ? 

How  may  this  temperature  be  experimentally  determined  ? 

11.  The   specific   thermal  conductivity  of  wrought  iron,  a 
second  and  an  inch  being  the  units  of  time  and  space,  is  *001. 
Calculate  the  number  of  units  of  heat  transmitted  per   hour 
through  each  square  foot  of  the  plates   of   a  steam-boiler  con- 
structed of  -2  in.  boiler  plate,  the  temperature  of  the  inner  sur- 
face being  kept  at  120°  C.,  and  that  of  the  outer  at  100°  C. 

12.  A  certain  boiler  exposes  60  square  feet  of  surface  to 
the  action  of  the  fire.     If  the  average  thickness  of  the  plates 
be  %  in.,  and  the  outside  be  maintained  at  140°  C.,  while  the 
temperature  of  the  inside  is  130°  C.,  find  how  many  pounds  of 
water  can  be  evaporated  per  minute,  the  latent  heat  of  steam  at 
130°  C.  being  516,  and  it  being  given  that  6  units  of  heat  pass 
per  minute  through  an  iron  plate   a  foot   square  and  an  inch 
thick,  when  the  temperature  of  one  side  is  135'5°  C.,  and  that  of 
the  other  134'5°  C. 

13.  If  8  units  of  heat  flow  per  second  through  an  iron  cube 
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of  one  foot  edge  when  one  face  is  maintained  at  a  temperature 
always  1°  C.  above  that  of  the  opposite  face,  and  no  heat  enters 
or  leaves  the  remaining  faces,  how  much  heat  will  flow  in  one 
hour  through  a  boiler-plate  4  feet  long,  2  feet  wide,  and  half 
an  inch  thick,  when  one  face  is  in  contact  with  boiling  water 
and  the  other  with  melting  ice,  supposing  the  faces  of  the 
plates  to  possess  the  temperature  of  the  water  and  ice  respec- 
tively? 

CHAPTER  IX. 

1.  DESCRIBE   experiments   which   show   that  radiant  heat 
obeys  the  same  laws  of  reflection  and  refraction  as  light. 

2.  State  your  reasons  for  believing  that  the  radiant  energy 
which  produces  heat  in  bodies  is  of  the  same  nature  as  light. 

3.  State  Newton's  law  of  cooling.     Did  the  experiments  of 
Dulong  and  Petit  justify  this  law  ? 

4.  Describe  an  experiment  which  shows  that  good  radiators 
are  good  absorbers. 

5.  By  what  experiments  has  the  identity  of  the  radiating 
and  absorbing  powers  of  bodies  been  established  ? 

6.  A  blackened  cubic  vessel  of  boiling  water  is  so  placed 
that  one  surface  radiates  towards  a  plate  of  glass  and  another 
towards  a  plate  of  rock-salt.     Describe  the  effects  produced. 

How  would  they  .be  modified  if  the  vessel  were  replaced   by 
a  body  at  a  white  heat  ? 

7.  How  do  you  explain  the  apparent  radiation  of  cold  ? 

8.  Explain   fully   what   happens   when    a   piece   of    ice    is 
placed  in  one  focus  of  a  concave  reflector  and   the  bulb  of  a 
thermometer  in  the    conjugate   focus,   the  temperature  of  the 
room  and  of  the   thermometer   being   at   first   the   same   and 
higher  than  that  of  the  ice. 

9.  Briefly  describe  the  constituents  of  the  radiation  from 
the  carbon  points  of  an  electric  lamp  when  at  a  white  heat. 

10.  What  portions  of  the  radiation   can  pass   through  rock- 
salt,  crown-glass,  and  quartz,  respectively? 
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11.  Why   does  the  air  inside  a  green-house  get  so   much 
heated  by  the  sun  ? 

12.  In  the  Arctic  regions  the  sun  has  been  known  to  melt 
the  pitch  on  a  ship's  side  while  the  air  has  been  much  below 
the  freezing-point.     Explain  this  phenomenon. 

13.  How  is  it  that  ice  can  be  formed  at  night  in  the  Sahara? 

14.  Grive  a  brief  sketch  of  Prevost's  theory  of  exchanges. 

CHAPTER  X. 

1.  EXPLAIN  the  production  of  land  and  sea  breezes. 

2.  How  do  you  account  for  the  Trade-winds  ? 

3.  Why  is  Moscow  much  colder  in  winter  than  Edinburgh  ? 

4.  Mention  some  means  by  which  clouds  may  be  produced. 

How  do  you  account  for  the   heavy  rain-fall  in  mountainous 
districts  ? 

5.  Does  the  presence  of  a  cloud  apparently  clinging  to  the 
top  of  a  mountain  prove  that  there  is  no  wind  there  ? 

How  do  you  account  for  such  clouds  ? 

6.  W^hat  is  hoar-frost,  and  how  is  it  produced  ? 
Explain  the  difference  between  white  and  black  frosts. 

7.  What  is  dew  ? 

How  is  the  deposition  of  dew  affected  by  the  state  of  the  sky 
and  the  nature  of  the  exposed  surface  ? 

CHAPTERS  XI.   AND   XII. 

1.  WHAT  is  meant  by  the  energy  of  a  system,  and  by  the 
principle  of  the  conservation  of  energy  ? 

2.  Distinguish  between  potential  and  kinetic  energy. 

3.  State  some  of  the  arguments  in  favour  of  the  dynamical 
nature  of  heat. 

4.  Describe  the  experiments  which  led  Rumford  to  conclude 
that  heat  is  motion. 
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5.     Define  the  mechanical  equivalent  of  heat. 

G.     Find  how  many   units  of  heat  are  required  to  raise  a 
mass  of  80  tons  to  a  height  of  60  feet. 

7.  What  assumption  was  made  by  Mayer  in  his  determina- 
tion of  the  Mechanical  Equivalent  of  Heat  ? 

8.  Why  does  the  specific  heat  of  gas  at  constant  pressure 
differ  from  its  specific  heat  at  constant  volume  ? 

9.  How  do  Dr.  Joule's  experiments  enable  us  to  determine 
the  specific  heat  of  air  at  constant  volume,  its  specific  heat  at 
constant  pressure  being  known  ? 

10.  How  has  the  relation  between  the  specific  heat  of  air  at 
constant  pressure  and  at  constant  volume  been  determined  ? 

11.  If  a  quantity   of   air  be   compressed  without  allowing 
heat   to   leave  it,  its  temperature   is   raised ;    while   if  it   be 
allowed  to  expand  without  receiving  heat,  its  temperature  falls. 
Explain  this  in  accordance  with  the  dynamical  theory  of  gases. 

12.  Given  the  specific  heat  of  gas  at  constant  volume  and 
its  specific  heat  at  constant  pressure,  show  how  to  deduce  the 
mechanical  equivalent  of  heat. 

13.  Give  a  brief  sketch  of  the  molecular  theory  of  gases, 
and  in  accordance  with  this  theory  explain  why  a  gas  becomes 
cooled  when  it  expands  under  pressure. 

14.  What  do  you  understand  by  a  heat  engine  ? 

15.  Explain  the  term  efficiency  as  applied  to  heat  engines, 
and  state  on  what  the  efficiency  of  a  reversible  engine  depends 

16.  Give  a  very  brief  account  of  the  principle  of  the  dissipa- 
tion of  energy. 

17.  How  much  mechanical  energy  is  necessary  to  melt  a 
pound  of  ice  at  0°  C.  ? 

18.  The  specific  heat  of  lead  is  '031,  and  its  latent  heat  of 
fusion  is  5*37 ;  what  is  the  mechanical  equivalent  of  the  heat 
required  to  raise  1  Ib.  of  lead  from  300°  C.  to  its  melting-point, 
326°  C.,  and  to  melt  it? 

19.  A  leaden  bullet  strikes  an  iron  target  with  the  velocity 
which   it  would   acquire   in   falling  freely  from  rest  through 
12,500  feet.    If  the  whole   of  the   velocity  of   the   bullet  be 
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destroyed  by  the  blow,  and  if  95  per  cent,  of  the  heat  generated 
reside  in  the  bullet,  find  the  temperature  to  which  it  will  be 
raised,  its  specific  heat  being  '03  and  its  initial  temperature 

30°  C.  r]     '  -0*   X  M  4-   Al  *>*1 


20.  The  melting-point  of  lead  is  326°  C.,  its  specific  heat  is 
•03,   and  its  latent  heat   of  fusion   5'37.     What   is  the   least 
height  from  which  a  piece  of  lead  originally  at  20°  0.  must  be 
allowed  to  fall  upon  an  inelastic  plane  in  order   to   melt  it, 
supposing  80  per  cent,  of  the  heat  generated  by  the  blow  to  be 
produced  within  the  lead?      i*L  ^  f    3fa~0  (;'*V-  %fc^0  '*$X 

21.  Given  that  100  cubic  inches  of  a  certain  gas  at  0°  C. 
and  under  a  pressure  of  15  Ibs.  weight  per  square  inch  weigh 
30  grains,  and  that  the  specific  heat  at  constant  volume  is  '183, 
while  the  specific  heat  at  constant  pressure  is  1*42  times  this 
amount,  find  the  mechanical  equivalent  of  heat,  assuming  that 
the  gas  expands  by  -^  of  its  volume  at  0°  C.  for  each  incre- 
ment of  1°  C.  in  temperature,  the  pressure  being  kept  constant. 

22.  A  certain  steam-engine  utilises  8  per  cent,  of  the  heat 
generated  by  the  combustion  of  its  fuel.     The  heat  generated 
by  the  combustion  of  1  Ib.  of  coal  will  convert  16  Ibs.  of  water 
at  100°  C.  into  steam  at  the  same  temperature,  the  latent  heat 
of  steam  being  537.     A  horse  can  work  for  six  hours  a  day  at 
the  rate  of  -;j-  of  one  horse-power.     If  coals  cost  18s.  per  ton, 
and   the   maintenance   of  a   horse  Is.   per  day,   compare   the 
expense  of  horse-power  with  that  of  steam,  neglecting  the  wear 
of  the  engine  and  horse. 

23.  If  the  temperature  of  steam  from  the  boiler  of  an  engine 
of  10  horse-power  be  200°  C.,  and  if  the  temperature  of  the 
condenser  be  80°  C.,  how  many  units  of  heat  must  leave  the 
boiler   per   hour  if  the   efficiency    be   one-fifth   of   that   of   a 
reversible  engine  working  between  the  same  limits  of  tempera- 
ture ?  K>U~  fctf     ^    _3 
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24.  What  is  meant  by  superheated  steam,  and  what  is  the 

use  of  superheating  steam  in  a  high-pressure  engine  ? 

25.  What  is  the  use  of  a  steam  jacket  round  the  cylinder  of 
an  engine  ? 

26.  How  do  you  account  for  the  freezing  up  of  the  ports  of 
engines  worked  by  compressed  air  ? 

The  exhaust  air  from  an  engine  driven  by  compressed  air 
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sometimes  produces  a  cloud  of  snow  where  it  escapes  from  the 
exhaust  port.     Explain  this. 

27.  What  becomes  of  the  latent  heat  of  evaporation  when 
water  evaporates  ? 

28.  Describe  the  essential  difference  between  a  condensing 
and  a  non- condensing  engine.     What  is   a  compound  engine, 
and  what  are  its  special  advantages  ? 

•29.     How  do  you  account  for  the  efficiency  of  a  good  gas 
engine  being  greater  than  that  of  a  steam  engine  ? 

30.  What   do   you   understand  by  the  statement  that  the 
mechanical  equivalent  of  heat  is  424  kilogrammetres  ? 

31.  When   one    pound   of   hydrogen   combines   with   eight 
pounds  of  oxygen  it  produces  nine  pounds  of  water  ;  how  many 
foot-pounds  of  work  must  be  done  in  order  to  decompose  one 
pound  of  water  into  its  elements  ?    ZUOGQ*    I  V*»  Q 

32.  What  is  meant  by  the  statement  ihit  the  specific  heat 
of  saturated  steam  is  negative  ?     What  practical  bearing  has 
this  fact  in  connection  with  the  steam  engine  ? 

33.  Give  a  brief  sketch  of  the  dynamical  theory  of  gases, 
explaining  the  cause  of  the  difference  between  the  specific  heat 
of  a  gas  at  a  constant  pressure  and  its  specific  heat  at  constant 
volume. 

34.  Give  a  sketch  of  a  normal  indicator  diagram  of  a  non- 
condensing  engine,  working  expansively  and  cutting  off  the 
steam  at  the  end  of  one  quarter  of  the  stroke. 

35.  What  is  an  isentropic  line  ? 

How  are  the  isentropic  lines  of   a  gas  related   to  the  iso- 
thermal lines  ? 

36.  What  is  the  difference  between  the  expansion  line  on  an 
indicator  diagram  when  the  cylinder  is  jacketed,  and  when  no 
precautions  are  taken  to  keep  up   the  temperature  of  the  ex- 
panding steam  ? 

37.  What  is  the  difference  between  the  isothermal  lines  of 
20°  C.  for  a  quantity  of  dry  air  and  for  the  same  quantitj^  of 
air  in  the  presence  of  water,  it  being  given  that  the  maximum 
pressure  of  aqueous  vapour  at  20°  C.  is  17'4  mm.  ? 

What  will  be  the  form  of  the  isothermal  in  the  latter  case  ? 


MISCELLANEOUS    EXAMPLES.  305 

38.  Explain  the  principle  of  the  indicator,  and  show  how 
the  indicator  diagram  may  be  utilised  in  determining  the  H.  P. 
at  which  an  engine  is  working.     What  information  respecting 
the   engine   must   be    provided   in    addition   to   the   indicator 
diagram  ? 

39.  What  difference  would  you  expect  to  find  between  the 
indicated  H.  P.  of  an  engine,  and  that  determined  by  applying 
a  brake  to  the  fly-wheel,  and    what  is  the  cause  of  the  differ- 
ence ? 

40.  How  is  the  superheating  of  the  steam  in  a  locomotive 
engine  generally  effected  ? 

41.  The  mean  effective  pressure  of  the  steam  on  the  piston 
of  an  engine  possessing  a  single  steam  cylinder  is  26  Ibs.  per 
square  inch  ;  the  diameter  of  the  piston  is  six  inches,  and  the 
length  of  the  stroke  12  inches  ;  the  engine  makes  200  revolu- 
tions per  minute.     Find  its  indicated  horse-power. 

42.  A  quantity  of  air  and  a  quantity  of  carbonic  anhydride 
possess  the  same  volume  at  15°  C.  under  ordinary  atmospheric 
pressure.     The  pressure  is  then  steadily  increased  to  40  atmo- 
spheres ;    make  a  sketch  showing  the  difference  between  the 
isothermal  lines  for  the  two  substances. 
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1.  DISTINGUISH  between  saturated  and  unsaturated  vapours. 
What  is  the  effect  of  compressing  unsaturated  (or  superheated) 
steam,  (i)  when  its  temperature  is  kept  constant,  (ii)  when  no 
heat  is  allowed  to  enter  or  leave  it  ? 

2.  What  is  meant  by  the  Thomson  effect  in  thermo-elec- 
tricity ? 

3.  Why  is    it   that    a   sprinkling   of    snow    is   sometimes 
observed  to  lie  on  the  exposed  surfaces  of  the  sleepers  of  a 
railway,  but  not  on  the  ballast  ? 

4.  What  is  the  effect  of  heating  (i)  a  piece  of  copper,  (ii)  a 
piece  of  steel  to  redness,  and  then  plunging  it  in  cold  water? 

5.  How  does   the   coefficient  of  expansion   of  water  vary 
between  0°C.  and  100° C.? 

G.  H.  v 
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G.  Explain  why  a  deposit  of  moisture  is  sometimes  formed 
on  the  walls  of  rooms  heated  by  hot-water  pipes,  but  not  when 
the  rooms  are  heated  by  open  fires. 

7.  A  quantity  of  water  is  distilled  at  a  uniform  rate  of  5  Ibs. 
per  hour  by  water,  which  flowing  uniformly  enters  the  vessel 
surrounding  the  worm  of  the  still  at  a  temperature  of  10°  C., 
and  leaves  it  at  a  temperature  of  25°  C.     Find  the  rate  of  flow 
of  the  water. 

8.  Trace  the  changes  in  volume  which  a  block  of  ice  at 
— 10°  C.  undergoes  in  being  converted  into  steam  at  100°  C. 

9.  How  do  you  account  for  the  fact  that  when  two  equal 
bars  of  different  metals  are  covered   with   wax,    and   heated 
equally  at  one  end,   sometimes  the  wax  begins   to  melt  first 
on  one  of  the  bars,  but  after  a  short  time  the  melting  proceeds 
most  rapidly  on  the  other  bar  ? 

10.  How  is  the   temperature   of  boiling  water,  and  of  the 
steam    produced,    affected    by   (i)    a   change    of    atmospheric 
pressure,  (ii)  a  salt  dissolved  in  the  water,  (iii)  a  stream  of  air- 
bubbles  rising  through  the  water,  (iv)  long  boiling  in  a  glass 
vessel ? 

11.  State   the  conditions  of  evaporation.     A  closed  vessel 
containing  water  and  air  at  a  pressure  less  than  that  of  the 
atmosphere  is  raised  to,  and  maintained  at,  the  temperature  of 
100°  C.     What  determines  the  cessation  of  boiling,  and  what 
the  cessation  of  evaporation  ? 

12.  If  the  coefficient  of  cubic  expansion  of  the  liquid  in  a 
thermometer  is  less  than  that  of  the  solid  envelope,  what  effect 
will  be  produced  on  heating  the  instrument  ? 

13.  The  nioistness,  or  humidity,  of  the  air  does  not  depend 
solely  on  the  amount  of  aqueous  vapour  present  in  it.     Explain 
this   statement,   and   point   out  the   conditions  on  which  the 
humidity  of  the  air  depends. 

14.  Calculate  the   weight  oi  1  litre  of  hydrogen  collected 
over  water  at  20°  C.,  the  atmospheric  pressure  being  7G5  mm., 
it  being  given  that  1  litre  of  hydrogen  at  0°  C.  and  7GO  mm. 
pressure,  contains  "0896  gramme,  and   the  pressure  of  aqueous 
vapour  at  20°  C.  is  17*4  mm. 

15.  Radiation  from  (i)  an  electric  lamp,  and  (ii)  a  red-hot 
metal  ball,  is  passed  respectively  through  the  following  sub- 
stances :  a  plate  of  glass,  a  solution  of  iodine  in  carbon  disul- 
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phide,  a  plate  of  rock  salt,  a  tube  of  dry  air,  and  a  tube 
containing  a  mixture  of  air  and  aqueous  vapour.  Describe  the 
action  of  each  of  these  media  on  the  radiation  from  each  source. 

1G.  Water,  if  kept  perfectly  still,  may  be  cooled  several 
degrees  below  0°  C.  without  freezing,  but  if  it  be  then  agitated 
a  portion  assumes  the  solid  state.  Explain  why  the  whole  does 
not  become  solid. 

17.  A  heated  metal  bar  is  placed  upon  a  metallic  support  in 
the  middle  of  a  room.     State  all  the  different  ways  in  which 
the  bar  loses  heat,  and  carefully  distinguish  between  them. 

18.  Describe  how  you  would  proceed  in  order  accurately  to 
determine  the  boiling  point  of  a  liquid. 

19.  How  many  pounds  of  carbon  must  be  burnt  in  order  to 
produce  heat  sufficient  to  convert  10  Ibs.  of  ice  at  —  5°  C.  into 
steam  at  100°  C.,  it  being  given  that  the  heat  of  combustion  of 
carbon  is  8080  units  ? 

20.  Distinguish  between  the  transmission  of  temperature 
and  the  transmission  of  heat  along  a  bar. 

21.  Account  for  the  laws  of  evaporation  in  accordance  with 
the  dynamical  theory  of  the  constitution  of  bodies. 

22.  Mention  some  bodies  which  assume  a  plastic  condition 
in  passing  from  the  solid  to  the  liquid  state.     Of  what  special 
value  is  this  property  in  the  case  of  those  metals  which  possess 
it  ? 

23.  Supposing  the  section  of  the  mercury  tube  in  Bunsen's 
calorimeter  to  be  one  square  millimetre  and  that  the  mercury 
undergoes  a  displacement  of  5  centimetres  after  introducing 
into  the  calorimeter  4  grammes  of  iron  at  9° C.;  find  the  specific 
heat  of  the  iron. 

24.  Can  hot  water  be  raised  to  the  same  height  as  cold  water 
by  means  of  an  ordinary  pump  ?     If  not,  what  condition  deter- 
mines the  height  to  which  the  hot  water  can  be  raised  ? 

25.  The  specific  gravity  of  air  at  0°C.  is  -00129.     A  chim- 
ney 150  feet  in  height  contains  air  at  360°  C.,  the  temperature 
of  the  external  air  being  15°  C.     Find  the  pull  of  the  chimney 
in  inches  of  water-gauge  supposing  the  air  within  it  to  be  at 

rest. 
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Absolute    expansion  of  mercury, 
72;  temperature,  92,  242;  units, 
226,  227  ;  zero,  92,  96. 
Absorbing  and  radiating  powers, 

equality  of,  201. 

Absorption  of  heat,  relation  of,  to 
radiation,  194,  207 ;  selective, 
194-196,  197 ;  table  of,  for  gases, 
197  ;  by  iodine  solution,  197 ;  by 
diathermanous  bodies,  209. 
Adiathermanous  bodies,  164. 

Air,  coefficient  of  expansion  of  air, 
etc.,  92;  comparison  between 
specific  heat  at  constant  pressure 
and  constant  volume,  102 ;  cool- 
ing, by  expansion,  239,  240;  de- 
termination of  increase  of  volume 
of,  91 ;  diathermancy  of,  196 ; 
liquefaction  of,  143;  relations 
between  pressure,  volume  and 
temperature  of.  89-98 ;  specific 
heat  of,  at  constant  pressure, 
40 ;  at  constant  volume,  240. 

Air  thermometer,  91,  92,  94-98; 
advantage  of,  96,  97. 

Alcohol  and  water,  specific  heat  of, 
134  ;  thermometer,  17,  20. 

Amounts  of  heat,  25. 

Andrews,  apparatus  for  the  lique- 
faction of  gases,  142";  on  the 
critical  point,  145,  146,  267 ; 
table  of  critical  temperatures 
and  pressures,  146. 

Annealing,  153-155. 

Ansall's  fire-damp  indicator,  107. 

Aqueous  vapour,  table  of  pressure 
of,  131. 

Areometric  method  of  determining 
expansion,  75. 

August's  psychrometer,  129. 

Availability  of  Energy,  244. 

Bacon,  Lord,  on  the  nature  of  heat, 
230. 
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Barometric  column,  standard 
height  of,  9. 

Berthelot's  method  of  determining 
the  latent  heat  of  steam,  136. 

Black-frost,  220. 

Boilers,  design  of,  253;  chimneys 
for.  51;  conduction  of  heat 
through  the  plates  of,  172;  air 
supply  to,  50;  efficiency  of,  49, 
257 ;  ribbed  tubes  for,  175. 

Boiling  under  diminished  pressure, 
124,  148. 

Boiling  water,  Dufour's  experi- 
ment, 123. 

Boiling-point,  120;  effect  of  pres- 
sure on  the,  9,  123,  124 ;  of  dis- 
solved salts,  etc.,  on  the,  11. 

Bologna  flasks,  155. 

Boyle's  law,  89;  deviation  from, 
97. 

Breezes,  land  and  sea,  215. 

Breguet's  metallic  thermometer 
87. 

Britannia  Bridge,  81. 

Bunsen's  calorimeter,  34;  burner, 
210. 

C.G.S.  units,  226,227. 

Cagniard  de  la  Tour  on  the  critical 
point,  144. 

Cailletet,  liquefaction  of  gases,  143. 

Calibration  of  thermometer  tubes, 
14. 

Calorie,  26. 

Calorific  power  of  fuels,  46  ;  of  car- 
bonic oxide,  48 ;  of  marsh  gas, 
48. 

Calorimeter,  31-38,  46. 

Calorimetry,  28. 

Capacity  for  heat,  27,  168. 

Capillary  action,  62. 

Carre's  freezing  machine,  140. 

Celsius,  thermometric  scale  of,  13. 

Centigrade  thermometer,  13. 
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Charles'  law,  92. 

Chemical  affinity,  effect  on  pres- 
sure of  vapour,  119. 

Chimneys,  action  of,  51 ;  design  of, 
255. 

Clouds,  217. 

Coal,  heat  of  combustion  of,  46. 

Coefficient  of  expansion,  63. 

Cold,  produced  by  fusion,  108 ; 
evaporation,  134;  expansion  of 
gases,  100 ;  apparent  radiation 
of,  205. 

Colours  in  spectra  from  hot  bodies. 
189. 

Combustion,  heat  of,  43  ;  table  of, 
47 ;  calorimeters  for  measurement 
of,  45 ;  temperature  of,  43. 

Compensating  measuring  bars,  83. 

Compensation  balance  wheels,  85 ; 
pendulums,  84,  85  ;  for  expansion 
of  railway  connecting  rods,  87. 

Compression,  heat  generated  by, 
52,  99. 

Condensation,  116.  124,  139. 

Conduction  of  heat,  163-180;  in 
crystals,  etc.,  177 ;  by  water,  183. 

Conductivities,  thermal,  compared, 
165,  179 ;  Clement's  experiments, 
173 ;  table  of  absolute  conductivi- 
ties, 180 ;  Tait's  results  for  cop- 
per and  iron,  181. 

Conductivity,  definition  of,  170 ; 
of  liquids,  173 ;  of  boiler  plates, 
172. 

Conservation  of  energy,  principle 
of  the,  229 ;  Newton's  statement 
of  the,  227. 

Contraction,  accompanying  solidi- 
fication, 110 ;  of  iron  on  cooling, 
force  of,  80 ;  of  india-rubber,  53  ; 
practical  application  of,  78  ; 
strains  produced  by,  80,  154. 

Convection  of  heat,  163,  181-187  ; 
currents,  181-187. 

Cooling,  laws  of,  203 ;  Imlong  and 
Petit's  experiments  on,  204 ;  Ste- 
fan's results,  204. 

Critical  point,  144-147  ;  passage  of 
carbonic  anhydride  through, 
147,  267. 

Crooke's  radiometer,  211. 

Cryophorus,  120. 

Crystallization,  heat  developed  by, 
56,  113  ;  of  supersaturated  solu- 
tions, 56. 


:  Crystals,  expansion  of,  177 ;  con- 
duction of  heat  in,  177. 

!    Cube,  Leslie's,  201. 

1  Cubic  expansion,  66  ;  measurement 
of,  69,  75  ;  of  liquids,  70 ;  of  gases , 
yu« 

Currents,  thermo-electric,  158-162 ; 
electric  (as  source  of  heat),  42, 54. 
-  Cycle,  reversible,  243. 

Dalton  on  pressure  of  aqueous 
vapour,  116  ;  on  rate  of  evapora- 
tion, 125. 

I   Dalton's  laws  of  evaporation,  116, 
125,133;  experimental  proof  of, 
117. 
'   Daniell's    dew-point    hygrometer, 

128. 

!   Dark  radiation,  absorption  of,  194- 

197  ;  polarization  of,  198 ;  reflec- 

i       tion  of,  192,  193  ;  refraction  of , 

197. 
i   Davy,  on  heat  produced  by  friction 

of  ice,  233. 

j   Davy's  safety  lamp,  180. 
Density,  maximum,  of  water,  76, 

187. 

;   Despretz's  apparatus  for  conduc- 
tion of  heat,  179. 
|   Dew,  127,  219. 

1   Dew-point,  definition  of,   127  ;  in- 
struments, Daniell's,  128;  Dines', 
128;Eegnault:s,  129. 
j   Diagram,  indicator,  see  Indicator 

diagram. 

|   Diathermancy  of  air,  196. 
|   Diathermanous  bodies,  164. 
I   Differential  thermometer,  98. 
\  Diffusion  of  gases,  105,  106 ;  Gra- 
ham's law  of,  106. 
Digester,  Papin's,  126. 
Dilatation,  see  Expansion. 
Dines'  dew-point  instrument,  128. 
Dissipation  of  energy,  244. 
|   Distillation,  119. 
'   Drops,  Prince  Rupert's,  154. 
Drummond's  measuring  bars,  83. 
Dry  and    wet    bulb  hygrometer, 

129. 
Dufour's    experiment    on    boiling 

water,  123. 
Dulong  and  Petit's  experiments  on 

cooling,  204. 

Dupre  and  Page  on  specific  heat 
of  alcohol  and  water,  134. 
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Dyne,  227. 

Earth,  internal  heat  of,  42,  57. 

Ebullition  under  diminished  pres- 
sure, 124. 

Efficiency  of  engines,  242, 244  et  seq. 

Elastic  body,  definition  of,  61. 

Elasticity,  effects  of  heat  on,  153. 

Electric  currents,  42,  54  ;  thermo-, 
158. 

Electric  pyrometer,  104,  157  ;  re- 
sistance, effect  of  increase  of 
temperature  upon,  156. 

Electrolytes,  156. 

Ellicott's  pendulum,  84. 

Energy,  availability  of,  244 ;  con- 
nection between  it  and  heat,  228 
et  seq. ;  conservation  of ,  227  et  seq.] 
definition  of,  224 ;  dissipation  of, 
244  ;  of  mechanical  system,  etc., 
42,51-53;  kinetic,  224;  potential, 
224;  radiant,  188-214;  of  solar 
radiation,  57  ;  transformation  of, 
163,  225  ;  units  of,  222,  226. 

Engine,  Hero's,  148. 

Engines,  efficiency  of,  242, 244 ;  heat, 
288,  243;  reversible,  243,  con- 
densing, 245  ;  Newcomen's,  246 ; 
Watt's,  246 ;  expansive  working 
of,  250  ;  soda,  122. 

Erg,  227. 

Ether,  latent  heat  of,  134. 

Evaporation,  cold  produced  by, 
138,  141,  148;  compared  with 
ebullition,  121,  123;  dependent 
on  temperature,  123  ;  latent  heat 
of,  133 ;  of  liquids,  etc.,  115  et  seq. ; 
laws  of,  117 ;  rate  of,  125. 

Exchanges,  Prevost's  theory  of, 
205  et  seq. 

Expansion,  apparent,  14,  70;  co- 
efficient of,  definition,  63,  66; 
corrections  for,  83,  87  ;  compari- 
son between  easily  liquefied  and 
other  gases,  98  ;  cubic,  66,  75 ;  of 
aeolotropic  bodies,  69;  general 
effect  of  heat,  5 ;  linear,  63-66 ; 
allowed  for,  80  ;  of  gases,  89-93, 
97,  99;  of  gases,  table,  97;  of 
water,  77;  of  gases,  cold  pro- 
duced by,  100;  of  certain  sub- 
stances on  cooling,  63 ;  coefficient 
of  absolute,  72,  73;  of  metals, 
difference  in,  87 ;  method  of 
measuring,  63  ct  seq. ;  practical 


applications  of,  78-88;  relation 
between  coefficient  of  linear  and 
cubic,  67 ;  of  solids,  63 ;  water  on 
cooling  and  freezing,  76,  77. 

Fahrenheit's  thermometric   scale, 

13. 

:   Faraday,   freezing  water,  etc.,  in 
white  hot  crucible,  148 ;  on  cold 
produced   by   evaporation,    142 
critical  point,  145 ;  liquefaction 
of  gases,  139. 

!   Favre    and    Silbermann's  Calori- 
meter, 46. 

;    Flame,  constitution  of,  209. 
i   Flow  of  heat  along  a  bar,   166 

across  a  plate,  170. 
Fluids,  definition  of,  61. 
I   Fluorescent  substances,  195. 
|   Fog,  139,  218. 

Foot-pound,  222  ;  poundal,  226. 
Forbes'   experiments    on    conduc- 
tivity of  wrought  iron,  177,  178. 
Freezing    machines,    Carre's,  140, 
mixtures,   141 ;  water  in  white 
hot  crucible,  148. 
i   Freezing-point,  effect  of  increase  of 

pressure  on,  110,  111. 
Friction,  heat  developed  bj^,  51,236. 
Frost,  116,  150. 

Fuel,  heat  of  combustion,  of  47. 
Fusion,  of  ice,  specific  heat  mea- 
sured by.  33,  34;  latent  heat  of, 
33,  134  ;  laws  of,  113. 

Gas  flame,  nature  of.  210. 

Gas,  perfect,  97 ;  distinction  be- 
tween gas  and  vapour,  115. 

Gaseous  laws,  the,  89, 91 ;  examples 
of,  96  ;  deviation  from,  of  easily 
liquefied  gases,  97 ;  application 
to  vapours  above  dew-point,  130. 

Gases,  condensation  of,  139 ;  con- 
vection of  heat  in,  181 ;  connec- 
tion between  temperature  and 
pressure  of,  93;  cold  produced  by 
expansion,  100;  defined,  62,  89; 
diffusion  of,  105, 106 ;  effects  of 
heat  upon,  92;  expansion  of,  90- 
94,  97,  101;  heat  generated  by 
compression  of,  99 ;  liquefac- 
tion of.  139;  molecular  theory 
of,  62,  96.  105,  132  ;  pressure  of, 
explained  by  Dynamical  theory, 
96 ;  specific  heat  of,  36, 102 ;  table 
of  coefficients  of  expansion,  97. 
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Gay  Lussac's  law,  91 ;  on  pressure 
of  aqueous  vapour,  119. 

Glaciers,  motion  of,  explained  by 
regelation,  112. 

Glass,  contraction  of,  155 ;  absorp- 
tion by,  195 ;  transparency  of, 
195 ;  unannealed,  154. 

Graduation  of  thermometers,  9-14 . 

Graham's  mercurial  pendulum.  84  ; 
law  of  diffusion,  106. 

Gravitation  units,  226. 

Gravity,  variation  of,  9. 

Gridiron  pendulum,  84. 

Griffiths  (E.  H.)  on  the  mechanical 
equivalent  of  heat,  264. 

Guthrie's  apparatus  for  determin- 
ing the  thermal  conductivity  of 
liquids,  183. 

Hail,  219. 

Halo,  219. 

Harrison's  gridiron  pendulum,  84. 

Heat,  a  quantity,  23-26  ;  amounts 
of,  25 ;  conduction  of,  163-180 ; 
convection  of,  163,  181-187  ;  en- 
gines, 238  et  seq. ;  mechanical 
equivalent  of,  234  et  seq.,  264; 
nature  of.  229 ;  sensation  of.  1-3  ; 
sources  of  42  60 ;  transmission 
of,  3, 163, 164 ;  unit  of,  26. 

Heights,  measurement  of,  by  water 
boiling,  123. 

Hero's  engine,  148. 

Hoar-frost,  116,  150. 

Homogeneous  solids,  thermal  con- 
ductivity of,  177. 

Hope's  experiment  on  maximum 
density  of  water,  76. 

Horse-power,  226  ;  of  engine,  276. 

Humidity,  degree  of,  130. 

Hygrometers,  Daniell's,128;  Dines', 
128 ;  wet  and  dry  bulb,  129. 

Hygrometry,  128-131. 

Hypsometer,  10,  123. 

Ice,  calorimeter.  33-36 ;  changes  in, 
when  heated,  151;  evaporation 
of,  150;  expansion  of,  77,  110; 
fusion  of,  31;  latent  heat  of 
fusion  of,  108 ;  regulation  of,  110 ; 
specific  heat  of,  40. 

Incandescent  lamps,  158. 

Indiarubber,  contraction  of,  50,  53. 

Indicator,  Watt's,  271 ;  Richards', 
271 ;  Dark's,  272. 


Indicator  diagram, explained,  265  et 
seq. ;  normal  diagram  of  high- 
pressure  engine,  273;  calculation 
of  work  done  and  horse-power 
from,  278 ;  diagrams  of  pumping 
engine,  281 ;  diagrams  of  engine 
with  variable  load,  282. 

Inversion,  thermo-electric,  160. 

Iodine,  sublimation  of,  150. 

Isentropic  lines,  269. 

Isothermal  lines,  266;  of  air,  266;  of 
vapour  and  liquid,  267 ;  of  car- 
bonic anhydride,  268. 

Jolly,  Professor,  air  thermometer, 
95  ;  mirror  scale,  90. 

Joule,  heating  effect  of  electric 
current  through  wire,  54, 158 ;  on 
the  expansion  of  air,  99, 239, 240  ; 
mechanical  equivalent  of  heat, 
235 — 238 ;  temperature  of  water 
at  maximum  density,  187:  unit 
of  work,  227. 

Kinetic  energy,  224 ;  conversion  of, 
into  potential  energy,  225. 

i    Lamp,  safety,  180. 
Lampblack,  radiation  from,  201. 
Latent  heat,  108,  109,  133  ;  objec- 
tion to  term,  109 ;  of  fusion,  33, 
134 ;    of    evaporation,    133 ;    of 
fusion  of  ice,  108 ;  of  steam  at 
different      temperatures,      135  ; 
method  of  measuring,  135  ;  Ber- 
thelot's  apparatus,  136;   nature 
of,  109. 

i  Lavoisier's  and  Laplace's  calori- 
meter, 33 ;  measurement  of  ex- 
pansion, 64. 

I    Leidenfrost's  phenomenon,  148-150. 
;    Length,  standard  of,  82. 
I    Leslie's  cube,  201 ;  differential  ther- 
mometer, 99. 
Light,  its  nature,   191;   identical 

with  radiant  heat,  191. 
Linear  expansion,  63-66  ;  measure- 
ment of,  63  et  seq.;  table  of  co- 
efficients of,  66. 

Liquefaction  of  gases,  139  et  seq. ; 
Andrew's  apparatus  for,  142; 
Cailletet's  apparatus  for,  143 ; 
table  of,  141. 

Liquefaction,  latent  heat  of,  33, 
134. 
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Liquids,  convection  of  heat  by, 
182 ;  denned,  62 ;  expansion  of, 
70-75;  methods  of  measuring 
apparent  expansion  of,  70-72 ; 
specific  heat  of,  37.  40. 

Magnetism,  effect  of  heat  on,  156. 

Manometer,  126. 

Mariotte's  law  of  expansion  of 
gases,  89  ;  tube,  89. 

Marsh  gas,  calorific  power  of,  48. 

Mason's  wet  and  dry  bulb  hygro- 
meter, 129. 

Matthiessen's  method  of  measur- 
ing expansion,  75 ;  table  of  ex- 
pansion of  water,  77. 

Maximum  pressure  of  vapour,  125  ; 
thermometer,  19. 

Mayer,  on  the  mechanical  equiva-" 
lent  of  heat,  235. 

Measurement  of  vapour  pressure, 
126. 

Measurers  of  time,  effect  of  tem- 
perature on,  83. 

Mechanical  equivalent  of  heat,  234 
et  seq.,  264. 

Mechanical  properties  of  bodies, 
effects  of  heat  on,  153 ;  energy 
converted  into  heai^,  51-53. 

Melloni,  on  radiation  transmitted 
by  substances,  196. 

Melting-points,  effects  of  pressure 
on,  110,  111 ;  liquids  cooled  below, 
without  solidification,  113. 

Mercurial  pendulum,  84;  ther- 
mometer, see  Thermometer. 

Mercury,  absolute  expansion  of, 
72-74;  apparent  expansion  of, 
70-72 ;  freezing  of,  in  a  red-hot 
vessel,  148. 

Metallic  thermometer,  Breguet's, 
87. 

Metals,  expansion  of.  63-66,  78-88 ; 
thermal  conductivity  of,  166  et 
seq. ;  thermo-electric  arrange- 
ment of,  159,  160. 

Method  of  cooling,  37. 

Mirror  scale,  Professor  Jolly's,  90. 

Mixture,  freezing,  141 ;  method  of 
measuring  specific  heats  by.  28- 
33. 

Moisture  in  air,  determination  of, 
127. 

Molecular  theory  of  gases.  62,  96, 
105,  132. 


Mont  Blanc,  boiling  point  on,  127. 

Natterer,  cold  produced  by.  142. 
!   Newton's  law  of  cooling,  203 ;  state- 
ment of  the  principle  of  the  con- 
servation of  energy,  227. 
;   Norwegian  cooking  pot,  166. 

i  Oxygen,  coefficient  of  expansion  of, 
91 ;  heat  produced  by  combustion 
in,  47;  liquefaction  of,  143. 

Page  and  Dupre  on  specific  heat 
of  alcohol  and  water,  134. 

Papin's  digester,  126. 
j   Peltier's  effect,  159. 
1   Pendulum,  compensating,  84,  85 ; 
Eliicott's,    84;     Graham's,     84; 
Harrison's,  84  ;  zinc-iron,  85. 

Petit  and  Du long's  experiments  on 
cooling,  204 ;  measurement  of  ab- 
solute expansion  of  liquids,  72. 

Phillips'  maximum  thermometer, 
20. 

Pictet's  liquefaction  of  gases,  140, 
143. 

Platinum,  specific  heat  of,  39 ;  wire 
used  as  an  electric  pyrometer, 
157 ;  wire  heated  by  an  electric 
current,  158. 

Polarization  of  radiation  from 
tourmaline,  209. 

Potential  energy,  224. 

Poundal,  226. 

Power,  227. 

Pressure,  critical,  146;  ebullition 
under  diminished,  124, 147  ;  effect 
of,  on  boiling-point,  9,  123,  125 ; 
effect  of,  on  melting-point,  110, 
111 ;  maximum  of  vapours,  116, 
125 ;  of  aqueous  vapour,  119, 150  ; 
of  gases,  63,  96 ;  of  gases,  rela- 
tion between  volume  and,  89 ;  of 
gases,  relation  between  tempera- 
ture, volume  and,  89,  95;  of 
vapour,  dependent  on  tempera- 
ture, 119  et  seq. ;  of  vapour,  with 
air  present,  124 ;  of  mixed  va- 
pours, 118;  specific  heats  of 
gases  at  constant,  102 ;  standard 
atmospheric,  9. 

Prevost's  theory  of  exchanges,  205 
et  seq. 

Prince  Rupert's  drops,  154. 

Psy  chrome  ter,  128. 
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Pyrometer,  Regnault's  mercury, 
103;  the  electric  or  Siemens', 
104,  157;  Wedgwood's,  104; 
Murrie's,  105. 

Quality,      distinctions      between 

quantity  and,  21. 
Quantity,  heat  a  physical,  23,  24. 

Radiant  energy,  188-214 ;  absorp- 
tion of,  194 ;  double  refraction 
of,  197 :  effects  of,  43 ;  nature 
of,  43,'  189-194  ;  passage  of, 
through  ice,  198 ;  polarisation 
of,  198, 209 ;  propagation  of,  197  ; 
reflection  of,  192 ;  refraction  of, 
197  ;  repulsion  produced  by,  211. 

Radiant  heat,  see  Radiant  energy. 

Radiation,  163,  188-214;  analysis 
of,  188 ;  definition  of,  164  ;  trans- 
mission of,  195 ;  from  tourma- 
line, polarised,  209 ;  laws  of  in- 
tensity and  propagation,  199, 
200 ;  relation  between,  and  ab- 
sorption, 194, 209 ;  repulsion  pro- 
duced by,  211 ;  table  of  relative 
powers  of  different  substances 
for  transmitting,  196. 

Radiators,  good  and  bad,  201. 

Radiometer,  Cooke's,  211;  Schus- 
ter's experiments  on,  214 ;  theory 
of,  213. 

Railway,  expansion  of  iron  rods 
on,  87. 

Reaumur's  thermometric  scale,  13. 

Reduction  of  different  thermome- 
tric scales,  15. 

Reflection,  apparent,  of  cold,  205 ; 
of  heat,  192  ;  of  heat,  laws  of,  193. 

Reflectors  and  radiators,  201. 

Refraction  of  heat,  laws  of,  197  ; 
double,  198. 

Regelation,  110-113. 

Regnault's-  calorimeter  for  liquids, 
37 ;  apparatus  for  measuring  the 
absolute  expansion  of  mercury, 
72  ;  comparison  of  mercurial  and 
air  thermometers,  102 ;  deter- 
mination of  maximum  pressure 
of  aqueous  vapour,  130;  latent 
heat  of  steam,  133 ;  measure- 
ment of  specific  heat  of  air  at 
constant  pressure,  36,  102  ;  mer- 
cury pyrometer,  103 ;  experi- 
ments on  aqueous  vapour  above 


the  dew-point,  131 ;  on  evapora- 
tion, 117  ;  on  pressure  of  aqueous 
vapour,  119, 150  ;  rate  of  increase 
of  pressure  of  gases,  97 ;  table  of 
coefficients  of  expansion  of  gases, 
97. 
Regnault's  dew-point  instruments, 

Repulsion  produced  by  radiation, 

211. 

j   Resistance,  electrical,  effect  of  heat 
upon,  157 ;  heat  produced  by,  54. 

Reversible  engines,  243. 

Reynolds',  Prof.  O.,  theory  of  the 
radiometer,  213. 

Rigidity  of  solids,  61. 

Rock  salt,  diathermancy  of,  196. 

Rowland  on  the  mechanical  equi- 
valent of  heat.  264. 
|   Rumford.  Count,  on  the  nature  of 
heat,  231  et  seq. ;  on  generation 
of  heat  by  friction,  231. 

Rupert's  drops,  154. 

Rutherford's  maximum  ther- 
mometer, 19 ;  minimum  ther- 
mometer, 20. 

Safety  lamps,  180. 

Salts,  effect  on  boiling  point  of  dis- 
solved, 11,  121 ;  heat  developed 
by  crystallization  of,  57,  113. 

Saturation,  56,  127,  130. 

Schuster's,  Dr.,  experiment  with 
the  radiometer,  214. 

Seguin  on  the  mechanical  equiva- 
lent of  heat,  234. 

Selective  absorption,  195-198. 

Senarmont,  Dr.,  on  conduction  in 
crystals,  177. 

Siemens'  furnace,  44  ;  pyrometer, 

104, 157. 
I   Singing  of  kettle,  121. 

Six's  self-registering  thermometer, 

21. 

I   Snow,  219 ;    carbonic    anhydride, 
140  ;  direct  evaporation  of,  116. 
!    Soda  engines,  122. 
!   Sodium  vapour,  radiation  from,194. 
I   Solidification,  110,  144. 

Solids,  conduction  of  heat  in  homo- 
geneous, 177  ;  definition  of,  61 ; 
expansion  of  63 ;  specific  heat  of, 
39  ;  rigidity  of,  61. 

Solutions,  supersaturated,  56. 

Sources  of  heat,  42-60. 
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Spacific  gravity  bottle,  70,  71. 

Specific  heat,  26, 28-10, 102 ;  method 
of  cooling,  87 ;  dependence  on 
external  conditions,  40 ;  effect  of 
temperature  on,  40;  measure- 
ment of,  28  et  seq. ;  of  gas,  at 
constant  pressure,  36,  100,  102  ; 
of  gas,  at  constant  volume,  102, 
240 ;  of  gas,  comparison  between, 
at  constant  pressure  and  volume, 
100,  102,  241 ;  of  substances  in 
different  states  compared,  87, 40 ; 
of  water,  184 ;  of  water  at  dif- 
ferent temperatures,  25 ;  of  satur- 
ated steam,  248  ;  table  of,  39. 

Spectrum  of  heated  bodies,  191, 192  5 
reversal  of  spectrum,  194. 

Spheroidal  state,  147-150;  forms 
assumed  by  water  in,  149. 

Standard  of  length.  82. 

State,  change  of,  42,  56,  57,  108; 
reduction  to  liquid.  108 ;  spher- 
oidal, 147. 

Steam,  bubbles  of,  122 ;  latent  heat 
of,  134-138 ;  maximum  pressure 
of,  130 ;  saturated,  127 ;  specific 
heat  of,  40 ;  specific  heat  of 
saturated,  248;  temperature  of, 
constant,  11 ;  superheated,  252. 

Steam-engines,  efficiency  of.  243; 
condensing,  245 ;  Newcomen's, 
216;  Watt's,  246;  expansive 
working  of,  250  ;  triple  expan- 
sion, 250  ;  employment  of  super- 
heated steam  in,  252  ;  indicator 
diagrams  of,  278  et  seq. 

Steam  jackets,  action  of,  249. 

Steam  turbines,  high  expansion 
in,  251. 

Stefan's  law  of  cooling,  204. 

Stewart,  Balfour,  measurement  of 
hygrometric  state,  130  ;  on  pres- 
sure and  temperature  of  air,  94. 

Strains  produced  by  contraction, 
78,  154. 

Sublimation,  116, 150. 

Sulphur,  forms  of,  57. 

Sun,  radiation  from,  43 ;  source  of 
energy,  57-60. 

Superheated  vapour,  130. 

Surface  tension,  61. 

Surfaces,  absorption  and  radiation 
of,  201,  202. 

Table  of  comparison  of  mercurial 


and  air  thermometers,  103 ;  con- 
ditions of  liquefaction  of  gases, 
141  ;  coefficients  of  linear  ex- 
pansion, 66  ;  critical  pressure 
and  temperature,  146 ;  expan- 
sion of  gases,  97 ;  expansion  of 
water,  77;  heat  developed  by 
different  fuels,  47 ;  maximum 
pressure  of  aqueous  vapour,  131 ; 
percentage  radiation  transmit- 
ted by  different  substances,  196  ; 
rate  of  increase  of  pressure  of 
different  gases,  97 ;  specific  heats, 
89,  40;  thermal  conductivities, 
179,  180 ;  thermo-electric  ar- 
rangement of  metals,  160. 

Tait,  Professor,  on  thermo-electric 
combinations,  160. 

Temperature,  absolute,  91,  242; 
definition  of,  2;  effect  on  elec- 
trical properties  of  bodies,  156  ; 
effect  on  magnetism,  156  ;  effect 
on  mechanical  properties  of 
bodies,  153,  156  ;  effect  on  radia- 
tion, 203  :  effect  on  specific  heat, 
40;  effect  on  electrical  conduc- 
tivity, 156 ;  effect  on  time  mea- 
sures, 83 ;  equilibrium  of,  4 ; 
instruments  for  measuring,  4, 
103-105,  160;  measurement  of, 
4,  5,  160;  necessary  for  com- 
bustion, 44 ;  of  gases,  relation 
between  pressure,  volume  and, 
5 ;  primitive  notion  of,  2. 

Tempering  of  steel,  153,  154. 

Tension  of  surfaces,  61. 

Thermal  conductivity,  definition 
of,  170 ;  conductivities,  com- 
parison of,  164-168,  177-180; 
measure  of,  170,  171 ;  Principal 
Forbes'  experiments  on,  177 ; 
table  of,  179, 180 ;  of  liquids,  183. 

Thermal  equilibrium,  3;  storage, 
263. 

Thermo-electric  currents,  158-162 ; 
inversion,  160  ;  order  of  metals, 
160 ;  piles,  161 ;  Thomson  effect, 
161. 

Thermometer,  air,  90,  95  ;  advan- 
tages of  fluids  for,  7  ;  Breguet's 
metallic,  87 ;  definition  of.  4  ; 
differential,  98;  liquids  other 
than  mercury  used  for,  17 ;  Maxi- 
mum, 19-21 ;  Maximum  and 
minimum  combined,  21 ;  Mer- 
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curial,  advantages  of,  19 ;  call-  ! 
bration  of,  13 ;  causes  of  error, 
11-13 ;  comparison  of,  with  air 
thermometer,  18,  91,  102 ;  con- 
struction of,  7  ;  determination 
of  boiling  point  on,  10,  11 ;  de- 
termination of  freezing  point 
on,  9 ;  graduation  of,  12 ;  how 
filled,  7;  Minimum.  20,  21; 
natural  standard,  15 ;  open 
range,  15  ;  Negretti  &  Zambra's, 
22;  scale,  Sir  W.  Thomson's 
absolute,  237 ;  sensitive,  15 ; 
position  of,  when  used,  12  ; 
weight,  71 ;  wet  and  dry  bulb, 
129. 

Thermometric  scales,  7,  12,  14-18 ; 
indicated  by  different  sub- 
stances, 17 ;  rules  for  conversion 
of,  15,  16. 

Thermopiles,  161. 

Thilorier's  apparatus,  140. 

Thompson's  calorimeter,  46. 

Thomson  effect,  161. 

Thomson,  Professor  James,  on  the 
lowering  of  the  freezing-point 
by  pressure,  110. 

Time  measurers,  83-86. 

Torsion,  heat  generated  by  work 
against,  52. 

Tourmaline,  polarises  dark  radia- 
tion, 209. 

Transformation  of  energy,  163. 

Transmission  of  heat,  163, 163-183. 

Triple  point,  150. 

Tyndall,  on  relative  absorbing 
powers  of  gases,  196. 

Uncrystallized  solids,  expansion 
of,  63  el  seq. 

Undulatory  motion  of  ether  con- 
stitutes radiant  energy,  192. 

Unit  of,  force,  226;  heat,  26; 
length,  82,  226 ;  mass,  226 ;  time, 
226 ;  work,  227. 

Units,  absolute,  226,  227;  C.G.S., 
226 ;  gravitation,  226. 

"Vacua,  action  of  gases  as,  117,  125, 

Vaporization,   cold   produced    by, 

141,    142;    effect    of    chemical 

affinity  on.  119 ;  latent  heat  of, 

133  ;  in  airj  125 ;  in  vacuo,  116. 

Vapour,   aqueous,    application    of 

molecular  theory  to,  132  ;  table 

of  maximum  pressure,  131  ;  con- 


densation of  127 ;  definition  of, 
115;  pressure  of,  116-125;  in 
presence  of  air,  125 ;  measure- 
ment of  pressure  of,  117,  126 ; 
saturated,  definition  of,  127 ; 
superheated,  130. 

Vapours,  pressure  of  mixed,  118; 
distinction  between  vapours  and 
gases,  115. 

Vibration  in  a  spheroid,  149,  150. 

Viscosity,  62. 

Volatile  body,  definition  of,  116. 

Voltaic  electricity,  heating  effect 
of,  42,  54,  158. 

Volume,  critical,  146 ;  of  bodies, 
effect  of  heat  on,  63;  of  gas, 
method  of  finding  for  different 
temperatures,  93. 

Volume  of  gas,  relation  between 
pressure,  temperature,  and,  95. 

Wall,  flow  of  heat  across  a,  169. 

Water,  action  of  heat  upon,  76 ; 
expansion  of,  76.  77 ;  forms  as- 
sumed by,  in  spheroidal  state, 
149 ;  gas,  116  ;  high  specific  heat 
of,  134 ;  latent  heat  of,  134  ;  maxi- 
mum density  of,  76,  187  ;  specific 
heat  of,  at  different  tempera- 
tures, 25  ;  super-heating  of,  122  ; 
volume  of,  at  different  tempera- 
tures, 77. 

Watt,  James,  on  latent  heat  of 
vaporization,  133 ;  indicator,  271. 

Watt,  unit  of  power,  227. 

Wedgwood's  pyrometer,  104. 

Weight  thermometer,  22,  71. 

Wells,  Dr.,  on  the  formation  of 
dew,  220. 

Wet  and  dry  bulb  hygrometer,  129. 

Wiedemann  and  Franz  on.  conduc- 
tivity, 179. 

Winds,  Trade,  and  counter  Trade, 
215,  216. 

Wire-drawing,  275. 

Wollaston's  cryophorus,  1 20. 

Work,  done  by  perfect  engines,  242; 
heat  equivalent  of,  238 ;  measure 
of,  222 ;  transformed  into  heat, 
231  et  seq. 

Yard,  imperial  standard,  82. 

Zero,  absolute,  92  ;  change  of  in 
thermometers,  10;  of  thermo- 
metric  scales,  13. 
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GRAMMAR-SCHOOL  CLASSICS. 

A  Series  of  Greek  and  Latin  Authors,  with  English  Note*. 

Fcap.  8vo. 
Caesar  :  De  Bello  Galileo.    By  George  Long,  M.A.    4s. 

Books  I. -III.  For  Junior  Classes.  By  G.  Long,  M.A.  Is.Qd. 

Books  IV.  and  V.     Is.  Qd.     Books  VI.  and  VII.,  Is.  6d. 

Books  I.,  II.,  and  III.,  with  Vocabulary,  Is.  Qd.  each. 

Catullus,  Tibullus,  and  Propertius.  Selected  Poems.  With  Life. 
By  Rev.  A.  H.  Wratislaw.  2s.  6d. 

Cicero :  De  Senectute,  De  Amicitia,  and  Select  Epistles.  By 
George  Long,  M.A.  3s. 

Cornelius  Nepos.    By  Eev.  J.  F.  Macmichael.     2s. 

Homer:  Iliad.  Books  I.-XII.  By  F.  A.  Paley,  M.A.,  LL.D. 
4s.  6d.  Also  in  2  parts,  2s.  6d.  each. 

Horace:  With  Life.  By  A.  J.  Macleane,  M.A.  3s.  Qd.  In 
2  parts,  2s.  each.  Odes,  Book  I.,  with  Vocabulary,  Is.  6d. 

Juvenal  :  Sixteen  Satires.    By  H.  Prior,  M.A.     3s  6<i. 

Martial:  Select  Epigrams.  With  Life.  By  F.  A.  Paley,  M.  A.,  LL.D. 
4s.  6d. 

Ovid :  the  Fasti.  By  F.  A.  Paley,  M.A.,  LL.D.  3*.  Qd.  Books  I. 
and  II.,  Is.  6d.  Books  III.  and  IV.,  Is.  6d.  Books  V.  and  VI.,  Is.  6d. 

Sallust :  Catilina  and  Jugurtha.  With  Life.  By  G.  Long,  M.A. 
and  J.  G.  Frazer.  3s.  6d.,  or  separately,  2s.  each. 

Tacitus :  Germania  and  Agricola.     By  Kev.  P.  Frost.    2s.  Qd. 

Virgil :  Bucolics,  Georgics,  and  ^Eneid,  Books  I.-IV.  Abridged 
from  Professor  Conington's  Edition.  4s.  6d.— 2Eneid,  Books  V.-XIL,  4s.  6d. 
Also  in  9  separate  Volumes,  as  follows,  Is.  6d.  each :—  Bucolics — Georgics, 
I.  and  II.— Georgics,  III.  and  IV.— ^Ineid,  I.  and  II.— III.  and  IV.-V. 
and  VI.— VII.  and  VIII.— IX.  and  X.-  and  XI.  and  XII.  ^Eneid,  Book 
I.,  with  Vocabulary,  Is.  6d. 

Xenophon :  The  Anabasis.  With  Life.  By  Kev.  J.  F.  Macmichaol. 
3s.  6d.  Also  in  4  separate  rolumes,  1*.  Qd.  each : — Book  I.  (with  Life, 
Introduction,  Itinerary,  and  Three  Maps)— Books  II.  and  III.— IV.  and  V. 
—VI.  and  VII. 

The  Cyropasdia.     By  G.  M.  Gorham,  M.A.     3s.  Qd.    Books 

I.  and  II.,  Is.  6*.— Books  V.  and  VI.,  Is.  6d. 

Memorabilia.     By  Percival  Frost,  M.A.     3s. 

A  Grammar  School  Atlas  of  Classical  Geography,  containing 
Ten  selected  Maps.  Imperial  8vo.  3s. 

Uniform  with  the  Series. 

The  New  Testament,  in  Greek.  With  English  Notes,  &c.  By 
Rev.  J.  F.  Mar-michael.  4s.  6d.  The  Four  Gospels  and  the  Acts,  separately. 
Sewed,  6d.  each. 


Educational  Works. 


CAMBRIDGE  GREEK  AND  LATIN  TEXTS. 

Aeschylus.    By  F.  A.  Paley,  M.A.,  LL.D.    2s. 

Caesar  :  De  Bello  Galileo.    By  G.  Long,  M.A.     Is.  6d. 

Cicero:  De  Senectute  et  De  Amicitia,  et  Epistolaa   Selectee. 

By  G.  Long,  M.A.     Is.  6d. 

Ciceronis  Orationes.    In  Verrem.     By  G.  Long,  M.A.    2s.  Qd. 

Euripides.    By  F.  A.  Paley,  M.A.,  LL.D.     3  vols.    2s.  each. 

Herodotus.    By  J.  G.  Blakesley,  B.D.    2  vols.    5s. 

Homeri  Ilias.    I. -XII.    By  F.  A.  Paley,  M.A. ,  LL.D.     Is.  Qd. 

Horatius.    By  A.  J.  Macleane,  M.A.     Is.  Qd. 

Juvenal  et  Persius.    By  A.  J.  Macleane,  M.A.     Is.  6d. 

Lucretius.    By  H.  A.  J.  Munro,  M.A.     2s. 

Sallusti  Crispi  Catilina  et  Jugurtha.    By  G.  Long,  M.A.    Is.  6d. 

Sophocles.    By  F.  A.  Paley,  M.A.,  LL.D.    2s.  Qd. 

Terenti  Comcediae.    By  W.  Wagner,  Ph.D.    2s. 

Thuoydides.    By  J.  G.  Donaldson,  D.D.     2  vols.     4s. 

Virgilius.    By  J.  Conington,  M.A.    2s. 

Xenophontis  Expeditio  Cyri.    By  J.  F.  Macmichael,  B.A.    Is.  6d. 

Novum  Testamentum  Greece.  By  F.  H.  Scrivener,  M.A.,  D.C.L. 
4s.  6d.  An  edition,  with  wide  margin  for  notes,  half  bound,  12s.  EDITIO 
MAJOR,  with  additional  Readings  and  References.  7s.  6d.  (See  page  15.) 


A  Selection  of  the  most  usually  read  of  the  Greek  and  Latin  .4ut7iors,  .4nnotat«d  for 
Schools.    Edited  by  well-known  Classical  ~ 


CAMBRIDGE    TEXTS   WITH    NOTES. 

zk  and  Latin  Authors,  Annota 
Scholars.    Fcap.  Svo.  Is.  6d.  eacTi, 
with  exceptions. 

'  Dr.  Paley' s  vast  learning  and  keen  appreciation  of  the  difficulties  of 

beginners  make  his  school  editions  as  valuable  as  they  are  popular.    In 

many  respects  he  sets  a  brilliant  example  to  younger  scholars.'— Athencewm. 

'  We  hold  in  high  value  these  handy  Cambridge  texts  with  Notes.'— 

Saturday  Review. 

Aeschylus.  Prometheus  Vinctus. — Septem  contra  Thebas. — Aga- 
memnon.— Persae. — Eumenides. — Ohoephoroe.  By  F.A.  Paley,  M.A.,  LL.D. 

Euripides.  Alcestis. — Medea. — Hippolytus. — Hecuba. — Bacchae. 
—Ion.  2s.— Orestes.— Phoenissae.— Troades.— Hercules  Furens.— Andro- 
mache.—Iphigenia  in  Tauris.— Supplices.  By  F.  A.  Paley,  M.A.,  LL.D. 

Homer.    Iliad.    Book  I.    By  F.  A.  Paley,  M. A.,  LL.D.     Is. 

Sophocles.    Oedipus  Tyrannus. — Oedipus  Coloneus.  —  Antigone. 

— Electra.-Ajax.    By  F.  A.  Paley,  M.A.,  LL.D. 
Xenophon.     Anabasis.     In  .6  vols.     By  J.  E.  Melhuish,  M.A., 

Assistant  Classical  Master  at  St.  Paul's  School. 

Hellenics,  Book  I.    By  L.  D.  Dowdall,  M.A.,  B.D.    2s. 

Hellenics,  Book  II.     By  L.  D.  Dowdall,  M.A.,  B.D.    2s. 

Cicero.    De  Senectute,  De  Amicitia,  and  Epistolae  Select®.     By 

GK  Long,  M.A. 
Ovid.    Fasti.    By  F.  A.  Paley,  M.A.,  LL.D.    In  3  vols.,  2  books 

in  each.    2s.  each  vol. 
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Ovid.     Selections.     Amores,  Tristia,  Heroides,   Metamorphoses. 

By  A.  J.  Macleane,  M.A. 
Terence.    Andria. — Hauton  Timorumenos.— Phormio. — Adelphoe. 

By  Professor  Wagner,  Ph.D. 

Virgil.    Professor  Conington's  edition,  abridged  in  12  vols. 
'  The  handiest  as  well  as  the  soundest  of  modern  editions.' 

Saturday  Review. 

PUBLIC    SCHOOL   SERIES. 

A  Series  of  Classical  Texts,  annotated  by  well-known  Scholars.  Cr.Svo. 

Aristophanes.    The  Peace.    By  F.  A.  Paley,  M.A.,  LL.D.    4s.  6d. 
•-  The  Acharnians.    By  F.  A.  Paley,  M.A.,  LL.D.    4s.  Qd. 

The  Frogs.    By  F.  A.  Paley,  M.A. ,  LL.D.    4s.  &d. 

Cicero.    The  Letters  to  Atticus.    Bk.  I.     By  A.  Pretor,  M.A.    3rd 

Edition.    4s.  6<J. 

Demosthenes  de  Falsa  Legatione.     By  E.  Shilleto,  M.A.    7th 

Edition.    6s. 

The  Law  of  Leptines.      By  B.  W.  Beatson,  M.A.     3rd 

Edition.    3s.  6d.  ^ 

Livy.    Book  XXI.    Edited,  with  Introduction,  Notes,  and  Maps, 
by  the^Rev.jL.  D.  Dowdall,  M.A.,  B.D.    38.  6J. 

Book  XXII,    Edited,  &c.,  by  Kev.  L.  D.  Dowdali,  M.A., 

B.D.    3s.  6<J. 

Plato.    The  Apology  of  Socrates  and  Crito.     By  W.  Wagner,  Ph.D. 
12th  Edition.    8s.  6d.     Cheap  Edition,  limp  cloth,  2s.  6cl. 

The  Pheedo.     9th  Edition.    By  W.  Wagner,  Ph.D.    5s.  6;/. 

The  Protagoras.    7th  Edition.    By  W.  Wayte,  M.A.    4s.  6d. 

The  Euthyphro.    3rd  Edition.    By  G.  H.  Wells,  M.A.    35. 

The  Euthydenms.    By  G.  H.  Wells,  M.A.    4*. 

The  Eepublic.    Books  I.  &  II.    By  G.  H.  Wells,  M.A.    3rd 

Edition.    5s.  6d. 

Plautus.  The  Aulularia.  By  W.  Wagner,  Ph.D.  5th  Edition.  4s.  Gd. 

The  Trimimnms.  By  W.Wagner,  Ph.D.  5th  Edition.  4s.  Qd. 

The  Menaechmei.   By  W.  Wagner,  Ph.D.   2nd  Edit.  4s.  6d. 

^The  Mostellaria.    By  Prof.  E.  A.  Sonnenschein.    5s. 

Sophocles.    The  Trachiniae.    By  A.  Pretor.  M.A.    4s.  6d. 

The  Oedipus  Tyrannus.     By  B.  H.  Kennedy,  D.D.    5s. 

Terence.    By  W.  Wagner,  Ph.D.     3rd  Edition.    7s.  6d 
Theocritus.    By  F.  A.  Paley,  M.  A.,  LL.D.     2nd  Edition.    4s.  Gd. 
Thucydides.    Book  VI.    By  T.  W.  Dougan,  M.A.,  Fellow  of  St. 

John's  College,  Cambridge.     3s.  6d. 


CRITICAL   AND   ANNOTATED    EDITIONS. 

Arlstophanis  Oomoediae.    By  H.  A.  Holden,  LL.D.    8vo.    2  vols, 

Notes,  Illustrations,  and  Maps.    23s.  6d.    Plays  sold  separately. 
Csesar's  Seventh  Campaign  In  Gaul,  B.C.  52.    By  Eev.  W.  0. 

Compton,  M.A.,  Head  Master,  Dover  College.    2nd  Edition,  with  Map 
lustrations.    OrownJJvo.    4«. 

Siculus.    By  H,  0.  Keene,  M.A.    Crown  8vo.    6», 
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Catullus.     A  New  Tezt,  with  Critical  Notes  and  Introduction 

by  Dr.  J.  P.  Postdate.    Foolscap  8vo.  3s. 

Corpus  Poetarum  Latinorum.  Edited  by  Walker.   1vol.  8 vo.  18s. 
Livy.    The  first  five  Books.     By  J.  Prendevilie.     New  Edition, 

revised,  and  the  notes  in  great  part  rewritten,  by  J.  H.  Freese,  M.A. 

Books  I.,  II.,  III.,  IV.,  and  V.    Is.  6d.  each.  * 

Lucan.    The  Pharsalia.     By  C.  E.  Haskins,  M.A.,  and  W.  E. 

Heitland,  M.A.    Demy  8vo.    14s. 
Lucretius.    With  Commentary  by  H.  A.  J.  Munro.    4th  Edition. 

Vols.  I.  and  II.  Introduction,  Text,  and  Notes.    18s.    Vol.  III.  Trans- 

lation.    6s. 

Ovid.  P.OvidiiNasonisHeroidesXTV.    By  A.  Palmer,  M.A.  8vo.6«. 
P.  Ovidii  Nasonis  Ars  Amatoria  et  Amores.    By  the  Rev. 

E.  Williams,  M.A.    3s.  6d. 

Metamorphoses.   Book  XIII.  By  Chas.  Haines  Keene,  M.A. 


2s.  6d. 

Epistolarum  ex  Ponto  Liber  Primus.  ByC.H.Keene,M.A.  3*. 

Propertius.    Sex  Aurelii  Propertii  Carmina.    By  F.  A.  Paley,  M.A., 

LL.D.    8vo.    Cloth,  5s. 

Sex  Propertii  Elegiarum.    Libri  IV.    Eecensuit  A.  Palmer, 

Collegii  Sacrosanotsa  et  Individuea  Trinitatifl   juxta  Dublinum  Socius. 
Fcap.  8vo.  8s.  6d. 

Sophocles.  The  Oedipus  Tyrannus.    By  B.  H.  Kennedy,  D.D. 

Crown  8vo.    8s. 

Thucydldes.    The  History  of  the  Peloponnesian  War.   By  Richard 
Shilleto,  M.A.    Book  I.    8vo.    6s.  6d.    Book  II.    8vo.    5s.  6d. 


TRANSLATIONS,  SELECTIONS,  &o. 

Aeschylus.    Translated  into  English  Prose  by  F.  A.  Paley,  M.A., 
LL.D.    2nd  Edition.    8vo.    7s.  6d. 

Translated  into  English  Verse  by  Anna  Swanwick.    4th 

Edition.    PostSvo.    5s. 
Calpurnius,  The  Eclogues  of.    Latin  Text  and  English  Verse. 

Translation  by  E.  J.  L.  Scott,  M.A.    3s.  6d. 

Horace.    The  Odes  and  Carmen  Steculare.    In  English  Verse  by 
J.  Conington,  M.A.    llth  edition.    Fcap.  8vo.    3s.  6d. 

The  Satires  and  Epistles.    In  English  Verse  by  J.  Coning- 
ton, M.A.    8th  edition.    3s.  6d. 

Plato.  Gorgias.  Translated  by  E.  M.  Cope,  M.A,  8vo.  2nd  Ed.  7s. 
Prudentius,  Selections  from.     Text,  with  Verse  Translation,  In- 
troduction, &o.,  by  the  Eev.  F.  St.  J.  Thackeray.    Grown  8vo.  7s.  6d. 
Sophocles.    Oedipus  Tyrannus.     By  Dr.  Kennedy.     1*. 

The  Dramas  of.    Rendered  into  English  Verse  by  Sir 

George  Young,  Bart.,  M.A.    8vo.    12s.  6d. 

Theocritus.    In  English  Verse,  by  C.  S.  Calverley,  M.A.     3rd 

Edition.    Crown  STO.    7s.  6d. 

Translations  into  English  and  Latin.    By  0.  8.  Calverley,  M.A. 

PostSvo.    7s.  6d. 
Translations intoEnglish, Latin,  and  Greek.  ByR.C.  Jebb.Litt.D., 

H.  Jackson,  Litt.D.,  and  W.E.Currey,  M.A.    Second  Edition.    8s. 
Folia  Silvulce,  sive  Eclogffl  Poetarum  Anglicorum  in  Latinum  et 

Gnootun  converses.    By  H.  A.  Holden,  LL.D.    8vo.    Vol.  II.   4s.  6d. 
Sabrinae    Corolla  in  Hortulis   Regiae    Soholae   Salopiensis 

Oontexuerunt  Tres  Viri  Floribus  Legendis.    Fourth  Edition,  thoroughly 
Revised  and  Rearranged.    Large  post  8vo.    10s.  6d. 
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LOWER    FORM    SERIES. 

With  Notes  and  Vocabularies. 
Virgil's  JEneid.    Book  I.    Abridged  from  Conington's  Edition, 

With  Vocabulary  by  W.  F.  R.  SMlleto.    Is.  6d. 
Caesar  de  Bello  Qallico.    Books  I.,  II.,  and  ILL    With  Notes  by 

George  Long,  M.A.,  and  Vocabulary  by  W.  P.  R.  Shilleto.    Is.  6d.  each. 

Horace.  Book  I.  Macleane's  Edition,  with  Vocabulary  by 
A.  H.  Dennis.  Is.  6d. 

Frost.  Eologae  Latlnes ;  or,  First  Latin  Beading-Book,  with  English 
Notes  and  a  Dictionary.  By  the  late  Eev.  P.  Frost,  M.A.  New  Edition. 
Fcap  8vo.  Is.  6d. 

A  Latin  Verse-Book.  An  Introductory  Work  on  Hexa- 
meters and  Pentameters.  New  Edition.  Fcap.  8vo.  2s.  Key  (for  Tutors 
only),  5s. 

Analecta  Graca  Minora,  with  Introductory  Sentences, 


English  Notes,  and  a  Dictionary.    New  Edition.    Foap.  8vo.    2s. 
Wells.    Tales  for  Latin  Prose  Composition.     With  Notes  and 

Vocabulary.    By  G.  H.  Wells,  M.A.    2s. 

Stedman.    Latin  Vocabularies  for  Repetition.     By  A.  M.  M. 

Stedman,  M.A.    2nd  Edition,  revised.    Fcap.  8vo.    Is.  6d. 

Easy  Latin  Passages  for  Unseen  Translation.    Fcap. 

8vo.    ls.6d. 

Greek   Testament   Selections.    2nd  Edition,  enlarged, 

with  Notes  and  Vocabulary.    Fcap.  8vo.    2s.  6<J. 

CLASSICAL  TABLES. 

Latin  Aooldenoe.    By  the  Rev.  P.  Frost,  M.A.    Is. 

Latin  Versification.    Is. 

Notabilia  Queedam;  or  the  Principal  Tenses  of  most  o!  the 
Irregular  Greek  Verbs  and  Elementary  Greek,  Latin,  and  French  Con- 
struction. New  Edition.  Is. 

Richmond  Rules  for  the  Ovidian  Distich,  &o.  By  J,  Tate,  M.  A.  Is. 

The  Principles  of  Latin  Syntax.    Is. 

Greek  Verbs.    A  Catalogue  of  "Verbs,  Irregular  and  Defective.    By 

J.  S.  Baird,  T.O.D.    8th  Edition.    2s.  6<J. 

Greek  Accents  (Notes  on).    By  A.  Barry,  D.D.    New  Edition.  It. 
Homeric  Dialect.    Its  Leading  Forms  and  Peculiarities.    By  J.  8. 
Baird,  T.C.D.    New  Edition,  by  W.  G.  Rutherford,  LL.D.    Is. 

Greek  Accidence.   By  the  Bev.  P.  Frost,  M.A.   New  Edition.   Is. 


LATIN  AND  GREEK  CLASS-BOOKS. 

See  also  Lower  Form  Series. 
Baddeley.     Auzilia   Latina.      A  Series  of  Progressive  Latin 

Exercises.    By  M.  J.  B.  Baddeley,  M.A.    Fcap.  8vo.     Part  I.,  Accidence. 
5th  Edition.    2s.    Part  II.    5th  Edition.    2s.    Key  to  Part  II.,  2s.  6d. 
Baker.    Latin  Prose  for  London  Students.     By  Arthur  Baker, 
M.A.     Fcap.  8vo.  2s. 

Church.     Latin  Prose  Lessons.    By  Prof.  Church,  M.A.    9th 

Edition.    Fcap.  8vo.    2s.  6d. 

Collins.  Latin  Exercises  and  Grammar  Papers.  By  T.  Collins, 
M.A.,  H.  M.  of  the  Latin  School,  Newport,  Salop.  7th  Edit.  Fcap.  8vo. 
2s.  6d. 

. Unseen  Papers  in  Latin  Prose  and  Verse.  With  Ex- 
amination Questions.  6th  Edition.  Foap.  8yo.  2a.  6d. 
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Collins.    Unseen  Papers  in  Greek  Prose  and  Verse,    With  Ex- 
amination Questions.    3rd  Edition.    Fcap.  8vo.    3s. 

Easy  Translations  from  Nepos,  Cesar,  Oloero,  Livy, 

&c.,  for  Retranslation  into  Latin.    With  Notes.    2s. 

Compton.    Kudiments  of  Attic  Construction  and  Idiom.    By 

the  Rev.  W.  0.  Compton,  M.A.,  Head  Master  of  Dover  College.    3s. 
Clapin.    A  Latin  Primer.     By  Rev.  A.  C.  Clapin,  M.A.     Is. 
Frost.    Eclogae  Latin®;  or,  First  Latin  Beading  Book.     With 

Notes  and  Vocabulary  by  the  late  Rev.  P.  Frost,  M.A.    New  Edition. 

Fcap.  8vo.    Is.  6d. 
Materials  for  Latin  Prose  Composition.    By  the  late  Rev. 

P.  Frost,  M.A.    New  Edition.    Fcap.  8vo.  2s.    Key  (for  Tutors  only)  4s. 

Materials  for  Greek  Prose  Composition.    New  Edition. 


Fcap.  8vo.    2s.  6d.     Key  (for  Tutors  only),  6s. 

Harkness.    A  Latin  Grammar.    By  A.  Harkness.    Post  8vo.  6s. 
Holden.    Foliorum  Silvula.    Part  I.    Passages  for  Translation 

into  Latin  Elegiac  and  Heroic  Verse.   By  H.  A.  Holden,  LL.D.    12th  Edit. 

PostSvo.    7s.  6d. 

Foliorum  Silvula.    Part  II.    Select  Passages  for  Trans- 
lation into  Latin  Lyric  and  Comic  Iambic  Verse.    3rd  Ed.    Post  8vo.   6s. 

Foliorum    Centuriaa.      Select  Passages  for .  Translation 

into  Latin  and  Greek  Prose.    10th  Edition.    Post  8vo.    8s. 

Jebb,  Jackson,  and  Currey.  Extracts  for  Translation  in  Greek, 
Latin,  and  English.  By  R.  C.  Jebb,  Litt.  D.,  LL.D.,  H.  Jackson,  Litt.  D., 
and  W.  E.  Currey,  M.A.  4s.  6d. 

Key.    A  Latin  Grammar.    By  T.  H.  Key,  M.A.,  F.E.S.    6th 

Thousand.    Post  8vo.    8s. 

A  Short  Latin  Grammar  for  Schools.      16th  Edition. 

Post  8vo.    3s.  6d. 

Mason.    Analytical  Latin  Exercises.    By  C.  P.  Mason,  B.A. 

4th  Edition.     Part  I.,  Is.  6d.    Part  II.,  2s.  6d. 
Nettleship.    Passages  for  Translation  into  Latin  Prose.    By 

Prof.  H.  Nettleship,  M.A.    3s.    Key  (for  Tutors  only),  4s.  6d. 

'  The  introduction  ought  to  be  studied  by  every  teacher.' — Guardian. 
Paley.     Greek  Particles  and  then-  Combinations  according  to 

Attic  Usage.    A  Short  Treatise-    Bv  F.  A.  Paley,  M.A.,  LL.D.    2s.  6d. 
Penrose.    Latin  Elegiac  Verse,  Easy  Exercises  in.    By  the  Bev. 

J.  Penrose.    New  Edition.    2s.    (Key,  3s.  6d.) 

Preston.      Greek  Verse  Composition.     By  G.  Preston,  M.A. 

5th  Edition.     Crown  8vo.     4s.  6d. 

Pruen.  Latin  Examination  Papers.  Comprising  Lower,  Middle, 
and  Upper  School  Papers,  and  a  number  of  Woolwich  and  Sandhurst 
btaudards.  By  G.  G.  Pruen,  M.A.  Crown  8vo.  2s.  6d. 

Seager.  Faciliora.  An  Elementary  Latin  Book  on  a  new 
principle.  By  the  Rev.  J.  L.  Seager,  M.A.  2s.  6d. 

Stedman.  First  Latin  Lessons.  By  A.  M.  M.  Stedman,  M.A. 
Second  Edition,  enlarged.  Crown  8vo.  2s. 

First  Latin  Reader.    With  Notes  adapted  to  the  Shorter 

Latin  Primer  and  Vocabulary.    Crown  8vo.    Is.  6d. 

Easy  Latin  Exercises  on  the  Syntax  of  the  Shorter  and 

Revised  Latin  Primers.    With  Vocabulary.    3rd  Edition.     Cr.  8vo.  2s.  6d 

Notanda    Qusedam.    Miscellaneous  Latin  Exercises  on 

Common  Rules  and  Idioms.  Fcap.  8vo.  ls.6d.    With  vocabulary  2s. 

First  Greek  Lessons.  {In  preparation. 

• Easy  Greek  Passages  for  Unseen  Translation.    l?cap. 

8vo.    ls.6d. 
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Stedman.    Easy  Greek  Exercises  on  Elementary  Syntax. 

[In  preparation. 

Greek  Vocabularies  for  Repetition.    Fcap.  8vo.     Is.  Qd. 

Thackeray.    Anthologia  Grseea.    A  Selection  of  Greek  Poetry, 

with  Notes.    By  P.  St.  Jblm  Thackeray.    5th  Edition.    16mo.    4«.  6d. 

Anthologia  Latina.    A  Selection  of  Latin  Poetry,  from 

Naavius  to  BoSthius,  with  Notes.    By  Rev.  P.  St.  J.  Thackeray.    5th  Edit. 
16mo.    4s.  6<J.  __ 

Donaldson.    The  Theatre  of  the  Greeks.    By  J.  W.  Donaldson, 

D.D.    10th  Edition.    Peat  8vo.    5s. 
Keightley.    The  Mythology  of  Greece  and  Italy.    By  Thomas 

Keightley.    4th  Edition.     Revised  by  L.  Schmitz,  Ph.D.,  LL.D.    5s. 

Mayor.    A  Guide  to  tae  Choice  of  Classical  Books.    By  J.  B. 

Mayor,  M.A.    3rd  Edition.    Crown  8vo.    4s.  6d. 

Teuffel.  A  History  of  Roman  Literature.  By  Prof.  W.  S. 
Teuffel.  5th  Edition,  revised  by  Prof.  L.  Schwabe,  and  translated  by 
Prof.  GK  0.  W.  Warr,  of  King's  College.  2  vols.  medium  8vo.  15s.  each. 


CAMBRIDGE    MATHEMATICAL    SERIES. 

Arithmetic  for  Schools.  By  C.  Pendlebury,  M.A.  6th  Edition, 
with  or  without  answers,  4s.  6d.  Or  in  two  parts,  2s.  6d.  each.  Part  2  con- 
tains the  Commercial  Arithmetic.  KeytoPart  2,  for  tutors  only,  7s.6d.net. 

EXAMPLES  (nearly  8000),  without  answers,  in  a  separate  vol.  3s. 
In  use  at  St.  Paul's,  Winchester,  Wellington,  Marlborougb*  Charterhouse, 
Merchant  Taylors',  Christ's  Hospital,  Sherborne,  Shrewsbury,  &c.  &c. 

Algebra.  Choice  and  Chance.  By  W.  A.  Whitworth,  M.A.  4th 
Edition.  6a. 

Euclid.  Newly  translated  from  the  Greek  Text,  with  Supple- 
mentary Propositions,  Chapters  on  Modern  Geometry,  and  numerous 
Exercises.  By  Horace  Deighton,  M.A.,  Head  Master  of  Harrison  College, 
Barbados.  New  Edition,  Revised,  with  Symbols  and  Abbreviations. 
Crown  8vo.  4s.  6d.  Key,  for  tutors  only,  5s.  net. 

Book  I Is.          I    Books  I.  to  III.     ...    2s.  6d. 

Books  I.  and  II.     ...    Is.  6d.    |    Books  III.  and  IV.      Is.  6d. 

Euclid.  Exercises  on  Euclid  and  in  Modern  Geometry.  By 
J.  McDowell,  M.A.  4th  Edition.  6s. 

Elementary  Trigonometry.  By  J.  M.  Dyer,  M.A.,  and  Bev. 
R.  H.  Whitcombe,  M.A.,  Assistant  Masters,  Eton  College.  2nd  Edit.  4«.  6d. 

Plane  Trigonometry.  By  Rev.  T.  G.Vy vyan,  M.A.  3rd  Edit.  3*.  6d, 

Elementary  Analytical  Geometry.    By  Kev.  T.  G.  Vyvyan. 

In  the  press. 

Geometrical  Conio  Sections.    By  H.  G.  Willis,  M.A.    5*. 
Conica.    The  Elementary  Geometry  of.    By  C.  Taylor,  D.D.    7th 

Edition,  revised  and  enlfrged.    By  0.  Taylor,  D.D.    4s.  6d. 
Solid  Geometry.    By  W.  S.  Aldis,  M.A.    4th  Edit,  revised.    8*. 
Geometrical  Optics.    By  W.  S.  Aldis,  M.A.    3rd  Edition.    4*. 
Rigid  Dynamics.    By  W.  S.  Aldis,  M.A.    4s. 
Elementary  Dynamics.  By  W.Garnett,M.A.,D.C.L.   5th  Ed.  6*. 
Dynamics.    A  Treatise  en.   By  W.  H.  Besant,  Sc.D.,  F.B.S.    2nd 

Edition.    10s.  6d. 

Heat.  An  Elementary  Treatise.   By  W.  Garnett,  M.A.,  D.C.L.  5th 

Edition,  revised  and  enlarged.    4s.  6d. 

Elementary  Physics.    Examples  in.    By  W.  Gallatly,  M.A.    4s. 
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Elementary  Hydrostatics.    By  W.  H.  Besant,  Sc.D.,  F.R.S.    16th 

Edition.    4s.  6cl.    Key  5s. 
Hydromechanics.    By  W.  H.  Besant,  Sc.D.,  F.R.S.    5th  Edition. 

Part  T.     Hydrostatics.    5s. 

Elements  of  Applied  Mathematics.    By  C.  M.  Jessop,  M.A. 

[In  the  press. 
Mathematical  Examples.    By  J.  M.  Dyer,  M.A.,  Eton  College, 

and  R.  Prowde  Smith,  M.A.,  Cheltenham  College.    6s. 
Mechanics.     Problems  in  Elementary.     By  W.  Walton,  M.A.     6*. 
Notes  on  Roulettes  and  Glissettes.    By  W.  H.  Besant,  Sc.D., 

F.R.S.    2nd  Edition,  enlarged.     Crown  8vo.  5s. 


CAMBRIDGE    SCHOOL   AND    COLLEGE 
TEXT-BOOKS. 

A  Series  of  Elementary  Treatises  for  the  use  of  Students. 
Arithmetic.    By  Rev.  C.  Elsee,  M.A.  Fcap.  8vo.   14th  Edit.  St.Qd. 

By  A.  Wrigley,  M.A.    3*.  6d. 

A  Progressive  Course  of  Examples.     With  Answers.     By 

J.  Watson,  M.A.    7th  Edition,  revised.    By  W.  P.  Goudie,  B.A.    2s.  6d. 
Algebra.     By  the  Kev.  C.  Elsee,  M.A.     8th  Edit.     4*. 
Progressive     Course     of    Examples.       By    Eev.    W.    F. 

M'Michael,  M.A.,and  R.  Prowde  Smith,  M.A.    4th  Edition.    3s.  6d.  With 

Answers.  4s.  6d. 
Plane   Astronomy,  An  Introduction  to.    By  P.  T.  Main,  M.A. 

6th  Edition,  revised.    4s. 

Conic  Sections  treated  Geometrically.  By  W.  H.  Besant,  Sc.D. 
8th  Edition.  4s.  6d.  Solution  to  the  Examples.  4s. 

Enunciations  and  Figures  Separately.     Is. 

Statics,  Elementary.     By  Eev.  H.  Goodwin,  D.D.     2nd  Edit.    3*. 

Newton's  Principia,  The  First  Three  Sections  of,  with  an  Appen- 
dix ;  and  the  Ninth  and  Eleventh  Sections.  By  J.  H.  Evans,  M.A.  5th 
Edition,  by  P.  T.  Main,  M.A.  4s. 

Analytical  Geometry  for  Schools.  ByT.G.Vyvyan.  6th  Edit.  4s.  6<J. 

Q-reek  Testament,  Companion  to  the.  By  A.  C.  Barrett,  M.A. 
5th  Edition,  revised.  Fcap.  8vo.  5s. 

Book  of  Common  Prayer,  An  Historical  and  Explanatory  Treatise 

on  the.     By  W.  Gr.  Humphry,  B.D.     6th  Edition.     Fcap.  8vo.    2s.  6d. 
Musio.  Text-book  of.    By  Professor  H.  C.  Banister.     15th  Edition, 

revised.    5s. 
Concise    History    of.      By    Rev.   H.    G.    Bonavia    Hunt, 

Mus.  Doc.  Dublin.    12th  Edition,  revised.     3s.  6d. 

A  R I TH  M  ETI  C,     (See  als°  the  tw°  foregoing  Series.) 
Elementary  Arithmetic.    By  Charles  Pendlebury,  M.A.,  Senior 
Mathematical  Master,  St.  Paul's  School;  and  W.  S.  Beard,  F.R.G.S., 
Assistant  Master,  Christ's  Hospital.     With  2500  Examples,  Written  and 
Oral.     Crown  8vo.  Is.  6d.    With  or  without  Answers. 
Arithmetic,  Examination  Papers  in.     Consisting  of  140  papers, 
each  containing  7  questions.     357  more  difficult  problems  follow.     A  col- 
lection of   recent  Public   Examination    Papers  are  appended.     By  C. 
Pendlebury,  M.A.    2s.  6d.     Key,  for  Masters  only,  5s. 
Graduated  Exercises  in  Addition  (Simple  and  Compound).     By 
W.  S.  Beard,  C.  S.  Department  Rochester  Mathematical  School.    Is.    For 
Candidates  for  Commercial  Certificates  and  Civil  Service  Exams. 
A2 
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BOOK-KEEPING. 

Book-keeping  Papers,  set  at  various  Public  Examinations. 
Collected  and  Written  by  J.  T.  Medhurst,  Lecturer  on  Book-keeping  in 
the  City  of  London  College.  2nd  Edition.  3s. 

A  Text-Book  oi  the  Principles  and  Practice  of  Book-keeping. 

By  Professor  A.  W.  Thomson,  B.Sc.,  Royal  Agricultural  College,  Cirences- 
ter.  Crown  8vo.  5s. 

pouble  Entry  Elucidated.  By  B.  W.  Foster.  14th  edition. 
Fcap.  4to.  3s.  6d. 

A  New  Manual  of  Book-keeping,  combining  the  Theory  and 
Practice,  with  Specimens  of  a  set  of  Books.  By  Phillip  Crellin,  Account- 
ant. Crown  8vo.  3s.  6d. 

Book-keeping  for  Teachers  and  Pupils.  By  Phillip  Crellin. 
Crown  8vo.  Is.  6i.  Key,  2s.  net. 


GEOMETRY   AND    EUCLID. 

Euclid.    Books  I.-VI.  and  part  of  XL    A  New  Translation.    Bj 

H.  Deighton.    (See  p.  8.) 
The  Definitions  of,   with    Explanations    and    Exercises, 

and  an  Appendix  of  Exercises  on  the  First  Book.    By  E.  Webb,  M.A. 

Crown  8vo.  Is.  6d. 

. Book  I.    With  Notes  and  Exercises  for  the  use  of  Pre- 
paratory Schools,  &c.     By  Braithwaite  Arnett,  M.A.    8vo.  4s.  6d. 

The  First  Two  Books  explained  to  Beginners.    By  C.  P. 

Mason,  B.A.    2nd  Edition.    Fcap.  8vo.    2s.  6d. 

The  Enunciations  and  Figures  to  Euclid's  Elements.    By  Bev. 
J.  Brasse,  D.D.    New  Edition.    Fcap.  8vo.    Is.    Without  the  Figures,  6d. 
Exercises  on  Euclid.     By  J.  McDowell,  M.A.     (See  p.  8.) 
Geometrical  Conic  Sections.    By  H.  G.  Willis,  M.A.   (See  p.  8.) 
Geometrical  Conic  Sections.    By  W.  H.  Besant,  Sc.D.   (See  p.  9.) 
Elementary  Geometry  of  Conies.    By  C.  Taylor,  D.D.    (See  p.  8.) 
An  Introduction  to  Ancient  and  Modern  Geometry  of  Conies. 
By  C.  Taylor,  D.D.,  Master  of  St.  John's  Coll.,  Camb.    8vo.    15s. 

An   Introduction  to  Analytical  Plane  Geometry.    By  W.  P. 

Turnbull,  M.A.    8vo.    12s. 

Problems  on  the  Principles  of  Plane  Co-ordinate  Geometry. 

By  W.  Walton,  M.A.    8vo.    16s. 

Trilinear  Co-ordinates,  and  Modern  Analytical  Geometry  of 

Two  Dimensions.    By  W.  A.  Whitworth,  M.A.    8vo.    16s. 
An  Elementary  Treatise  on  Solid  Geometry.    By  W.  S.  Aldis, 

M.A.    4th  Edition  revised.    Cr.  8vo.    6s. 
Elliptic  Functions,  Elementary  Treatise  on.  By  A.  Cayley,  D.Sc. 

DemySvo.  [New  Edition  Preparing. 

TRIGONOMETRY. 

Trigonometry.  By  Eev.  T.  G.  Vyvyan.  3s.  Gd.  (See  p.  8.) 
Trigonometry,  Elementary.  By  J.  M.  Dyer,  M.A.,  and  Eev.  E.  H. 

Whitcombe,  M.A.,  Asst.  Masters,  Eton  College.  4s.  6d.  (See  p.  b.) 
Trigonometry,  Examination  Papers  in.  By  G.  H.  Ward,  M.A., 

Assistant  Master  at  St.  Paul's  School.    Crown  8vo.    2s.  6d. 
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MECHANICS    &    NATURAL    PHILOSOPHY. 

Statics,   Elementary.    By  H.  Goodwin,  D,D.     Fcap.  8vo.     2nd 

Bdition.    3s. 
Dynamics,  A  Treatise  on  Elementary.    By  W.  Garnett,  M.A., 

D.C.L.    5th  Edition.    Crown  8vo.     6s. 
Dynamics,  Eigid.    By  W.  S.  Aldis,  M.A.     45. 
Dynamics,  A  Treatise  on.    By  W.  H.  Besant,  So.D.,F.K.S.  10*.  6<J. 
Elementary  Mechanics,  Problems  in.    By  \V.  Walton,  M.A.  New 

Edition.    Crown  8vo.    6s. 
Theoretical  Mechanics,  Problems  in.    By  W.  Walton,  M.A.     3rd 

Edition.     Demy  8vo.    16s. 
Structural  Mechanics.     By  K.  M.  Parkinson,  Assoc.  M.I.C.E. 

Crown  8vo.  4s.  6<J. 

Elementary  Mechanics.   Stages  I.  and  II.  By  J.  C.  Horobin,  B.A. 

Is.  6d.  each.  [Stage  III.  preparing. 

Theoretical  Mechanics.  Division  I.  (for  Science  and  Art  Ex- 
aminations). By  J.  C.  Horobin,  B.A.  Crown  8vo.  2s.  6d. 

Hydrostatics.  By  W.H. Besant,  Sc.D.   Cr.Svo.   16th  Edit.   4s.  6d. 

Hydromechanics,  A  Treatise  on.  By  W.  H.  Besant,  Sc.D.,  F.E.S. 
8vo.  5th  Edition,  revised.  Part  I.  Hydrostatics.  5s. 

Hydrodynamics,  A  Treatise  on.  Vol.  I.,  10s.  6d. ;  Vol.  II.,  12*.  6d. 
A.  B.  Bastet,  M.A.,  F.R.S. 

Hydrodynamics  and  Sound,  An  Elementary  Treatise  on.  By 
A.  B.  Basset,  M.A.,  P.R.S.  Demy  8vo.  7s.  6d. 

Physical  Optics,  A  Treatise  on.    By  A.  B.  Basset,  M. A.,  F.E.  S. 

Demy  8vo.    16s. 

Optics,   Geometrical.    By  W.  S.  Aldis,  M.A.    Crown  8vo.    4th 

Edition.    4s. 

Double  Refraction,  A  Chapter  on  Fresnel's  Theory  of.    By  W.  S. 

Aldis,  M.A.    8vo.    2s. 
Roulettes  and  Glissettes.    By  W.  H.  Besant,  Sc.D.,  F.E.S.    2nd 

Edition,  5s. 

Heat,  An  Elementary  Treatise  on.  By  W.  Garnett,  M.A.,  D.C.L. 
Crown  8vo.  6th  Edition.  4s.  6d. 

Elementary  Physics,  Examples  and  Examination  Papers  in.  By 
W.  Gallatly,  M.A.  4s. 

Newton's  Principia,  The  First  Three  Sections  of,  with  an  Appen- 
dix ;  and  the  Ninth  and  Eleventh  Sections.  By  J.  H.  Evans,  M.A.  5th 
Edition.  Edited  by  P.  T.  Main,  M.A.  4s. 

Astronomy,  An  Introduction  to  Plane.     By  P.  T.  Main,  M.A. 

Fcap.  8vo.  cloth.    6th  Edition.    4s. 
Mathematical  Examples.    Pure  and  Mixed.    By  J.  M.  Dyer,  M.  A. , 

and  R.  Prowde  Smith,  M.A.    6s. 
Pure  Mathematics  and  Natural  Philosophy,  A  Compendium  of 

Facts  and  Formulas  in.    By  G.   R.  Smalley.     2nd  Edition,  revised  by 

J.  McDowell,  M.A.    Fcap.  8vo.    2s. 
Elementary   Course   of  Mathematics.     By  H.  Goodwin,  D.D. 

6th  Edition.    8vo.    16s. 

A    Collection    of   Examples    and    Problems    in    Arithmetic, 

Algebra,  Geometry,  Logarithms,  Trigonometry,  Conic  Sections,  Mechanics, 
&c.,  w  th  Answers.  By  Rev.  A.  Wrigley.  20th  Thousand.  8s.  6d. 
Key.  10s.  6d. 
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FOREIGN    CLASSICS. 

A  Series  for  we  in  School*,  with  English  Notes,  grammatical  and 
explanatory,  and  renderings  of  difficult  idiomatic  expressions. 

Fcap.  Svo. 
Schillers's  Wallenstein.    By  Dr.  A.  Buchheim.   7th  Edit.    os. 

Or  the  Laerer  and  Piccolomini,  2s.  6d.     Wallenstein's  Tod,  2s.  6d. 

Maid  of  Orleans.    By  Dr.  W.  Wagner.  3rd  Edit.     1*.  6<L 

Maria  Stuart.     By  V.  Kastner.     3rd  Edition.     Is.  Qd. 

Goethe's   Hermann  und    Dorothea.      By  B.  Bell,  M.A.,   and 

B.  Wolfel.     New  Edition,  Revised.     Is.  6d. 
German  Ballads,  from  Uhland,  Goethe,  and  Schiller.    By  C.  K 

Bielefeld.    5th  Edition.    Is.  6d. 

Charles  XII.,  par  Voltaire.    By  L.  Direy.    7th  Edition.    Is.  6d. 
Aventures  de  Telemaque,  par  Fenelon.    By  C.  J.  Delille.    4tb 

Bdition.    2s.  6d. 

Select  Fables  of  La  Fontaine.  By  F.  E.  A.  Gase.  19th  Edit.  Is.  Qd. 
Picciola,  by  X.  B.  Saintine.  By  Dr.  Dubuo.  16th  Thousand.  1*.  6d, 
Lamartine's  Le  Tailleur  de  Pierres  de  Saint-Point.  By 

J.  Boiielle,  6th  Thousand.     Fcap.  Svo.    Is.  6d. 


FRENCH    CLASS-BOOKS. 

French  Grammar  for  Public  Schools.    By  Rev.  A.  C.  Clapin,  M.  A. 

Fcap.  Svo.     13th  Edition.    2s.  6d.     Key  to  Exercises  3s.  6d. 
French  Primer.  By  Rev.  A.  C.  Ciapm,  M.A.  Fcap.  t»vo.  10th  Ed.  la. 
Primer  of  French  Philology.    By  Rev.  A.  C.  Clapin.     Fcap.  Svo. 

6th  Edit.    is. 
Le  Nouveau  Tresor;    or,  French  Student's    Companion.     By 

M.  E.  a.     19th  Edition.     Fcap.  Svo.    Is.  6d. 
French  Papers  for   the    Prelim.  Army  Exams.     Collected  by 

J.  F.  Davis,  D.Lit.    2s.  6d. 
French  Examination  Papers   in   Miscellaneous  Grammar  and 

Idioms.     Compiled  by  A.  M.  M.  Stedman,  M.A.     4th  Edition.    Crown 

Svo.  2s.  6d.     Key.    5s. 
Manual  of  French  Prosody.     By  Arthur  Gosset,  M.A.     3s. 

GOMBERT'S  FRENCH  DRAMA. 

Being  a  Selection  of  the  best  Tragedies  and  Comedies  of  Moliere. 
Racine,  Corneille,  and  Voltaire.  With  Arguments  and  Notes  by  A. 
Gombert.  New  Edition,  revised  by  F.  E.  A.  Gaso.  Fcap.  Svo.  la.  each ; 

aewed.  6d.  CONTENTS. 

MoLifeBE  :— Le  Misanthrope.  L'Avare.  Le  Bourgeois  Gentilhomme.  Le 
Tartuffe.  Le  Malade  Imaginaire.  Les  Femmes  Savantes.  Les  Fourberies 
de  Scapin.  Les  Pr6cieuses  Ridicules.  L'Ecole  des  Femmes.  L'Ecole  dea 
Maris. '  Le  MMecin  malgre"  Lui. 

RACINE  :—Ph6dre.  Esther.  Athalie.  Iphig^nie.  Les  Plaideurs.  L» 
T Wbaide ;  ou,  Les  Freres  Ennemis.  Andromaque.  BHtanuicus. 

P.  COBNEILLE  :— Le  Cid.    Horace.    Cinna.    Polyencte. 

VOLTAIBB  : — Zaire. 
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F.  E.  A.  GASC'S  FKENCH  COURSE. 
First  French  Book.    Crown  8vo.    116th  Thousand.     Is. 
Second  French  Book.     52nd  Thousand.     Fcap.  8vo.     Is.  Gd. 
Key  to  First  and  Second  French  Books.  5th  Edit.  Fcp.  8vo.  3s.  6d. 

French  Fables  for  Beginners,  in  Prose,  with  Index.  16th  Thousand. 

12mo.    Is.  6d. 
Select  Fables  of  La  Fontaine.   18th  Thousand.  Fcap.Svo.  Is.Qd. 

Histoires  Amusantes  et  Instruotives.  With  Notes.  17th  Thou- 
sand. Foap.  8vo.  2s. 

Practical  Guide  to  Modern  French  Conversation.  19th  Thou- 
sand. Fcap.  8vo.  Is.  6d. 

French  Poetry  for  the  Young.  With  Notes.  6th  Ed.  Fcp.  8vo.  8s-. 

Materials  for  French  Prose  Composition;  or,  Selections  from 
the  best  English  Prose  Writers.  21st  Thous.  Fcap.  8vo.  3s.  Key,  6s. 

Prosateurs  Contemporains.  With  Notes,  llth  Edition,  re- 
vised. 12mo.  3a.  6d. 

Le  Petit  Compagnon ;  a  French  Talk-Book  for  Little  Children. 
14th  Edition.  16mo.  Is.  6d. 

An  Improved  Modern  Pocket  Dictionary  of  the  French  and 
English  Languages.  49th  Thousand.  16mo.  2s.  6d. 

Modern  French-English  and  English-French  Dictionary.  5th 
Edition,  revised.  10s.  6d.  In  use  at  Harrow,  Rugby,  Westminster, 
Shrewsbury,  Radley,  &c. 

The  ABC  Tourist's  French  Interpreter  of  all  Immediate 
Wants,  By  F.  E.  A.  Gasc.  Is. 


GERMAN   CLASS-BOOKS. 

Materials  for  German  Prose  Composition.    By  Dr.  Buchheim. 
14th  Edition.  Fcap.  4s.  6d.  Key,  Parts  I.  and  II.,  3s.  Parts  III.  and  IV., 

Goethe's  Faust.   Part  I.   Text,  Hayward's  Prose  Translation,  and 
Notes.    Edited  by  Dr.  Buohheim.    5s. 

German.    The  Candidate's  Vade  Mecum.    Five  Hundred  Easy 
Sentences  and  Idioms.    By  an  Army  Tutor.    Cloth,  Is.    For  Army  Eseams. 

Wortfolge,  or  Rules  and  Exercises  on  the  Order  of  Words  in 
German  Sentences.    By  Dr.  F.  Stock.    Is.  6d. 

A  German  Grammar  for  Public  Schools.     By  the  Rev.  A.  C. 

ClapinandF.  HollMuller.    6th  Edition.    Fcap.    2s.  6d. 
A  German  Primer,  with  Exercises.     By  Eev.  A.  C.  Clapin. 

2nd  Edition.    Is. 

Kotzebue's  Der  Gefangene.  With  Notes  by  Dr.  W.  Stromberg.  Is. 

German  Examination  Papers  in  Grammar  and  Idiom.      By 
E.  J.  Morich.    2nd  Edition.    2s.  6d.    Key  for  Tutors  only,  5s. 

Italian  Primer.    By  Kev.  A.  C.  Clapin,  M,A.    Fcap.  8vo.  1*. 
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ENGLISH    CLASS-BOOKS. 

The  Elements  of  the  English  Language.    By  E.  Adams,  Ph.D. 

26th  Edition.    Revised  by  J.  F.  Davis,  D.Lit.,  M.A.    Post  8vo.    4s.  6d. 
The    Rudiments   of   English  Grammar    and  Analysis.      Bj 
E.  Adams,  Ph.D.    19th  Thousand.     Fcap.  8vo.    Is. 

A.  Concise  System  of  Parsing.    By  L.  E.  Adams,  B.A.    Is.  6d. 

Comparative  Grammar  and  Philology.  By  A.  C.  Price,  M.A., 
Assistant  Master  at  Leeds  Grammar  School.  2s.  6d. 

Examples  for  Grammatical  Analysis  (Verse  and  Prose).  Se- 
lected. &c.,  by  F.  Edwards.  New  edition.  Cloth,  Is. 

Questions  for  Examination  in  English  Literature.  With  brief 
hints  on  the  study  of  English.  By  Professor  W.  W.  Skeat,  Litt.D.  Crown 
8vo.  2s.  6d. 

Ten  Brink's  History  of  English  Literature.  Vol.  I.  Early  Eng- 
lish Literature  (to  Wiclif).  Translated  by  H.  M.  Kennedy.  3s.  6d. 
Vol.  II.  (Wiclif,  Chaucer,  Earliest  Drama,  Renaissance).  Translated  by 
W.  Clarke  Robinson,  Ph.D.  3s.  6d. 

Notes  on  Shakespeare's  Plays  By  T.  Duff  Barnett,  B.A. 
MIDSUMMER  NIGHT'S  DEKAM,  Is. ;  JULIUS  C.ESAR,  Is. ;  HENRY  V.,  is. ; 
TEMPEST,  Is. ;  MACBETH,  Is.;  MERCHANT  OF  VENICE,  Is.;  HAMLET,  Is.  j 
RICHARD  II.,  Is. ;  KING  JOHN  Is.  j  KING  LEAR,  Is. j  CORIOLANUS,  Is. 


BELL'S   ENGLISH    CLASSICS. 

Edited  for  use  in  Schools,  with  Introduction  and  Notes. 
Crown  8vo. 

Lamb's  Essays.     Selected  and  edited  by  K.  Deighton. 

Byron's  Childe  Harold.    Edited  by  H.  G.  Keene,  C.I.E.,  Hon. 

M.A.  Oxon.,  Fellow  of  Calcutta  Univ.,  Author  of  'Manual  of  French 

Literature,'  &c. 
Macaulay's   Lays  of  Ancient    Rome.     Edited  by  P.  Hordern, 

M.A.  Oxon,  late  Director  of  Public  Instruction  in  Burma. 
Massinger's  A  New  Way  to  Pay  Old  Debts.     Edited  by  K, 

Deighton. 

Burke's  Letters  on  the  Regicide  Peace.    I.  and  II.     Edited  by 

H.  G.  Keene,  O.LB. 

Johnson's  Life  of  Addison.    Edited  by  F.  Byland,  M.A. 
Johnson's  Life  of  Swift.    Edited  by  F.  By  land,  M.A. 
Selections  from  Pope.    Edited  by  K.  Deighton. 
Shakespeare's  Julius  Csesar.     Edited  by  T.  Duff  Barnett.  B.A. 

Loud. 

Shakespeare's  Merchant  of  Venice.    Edited  by  T.  Duff  Barnett, 

B.A.  Lond. 
Shakespeare's  Tempest.    Edited  by  T.  Duff  Barnett,  B.A.  Lond. 

Browning's  Strafford.    Edited  by  E.  H.  Hickey.     With  Intro- 
duction by  3.  R.  Gardiner,  LL.D. 

Others  to  follow. 
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GRAMMARS. 

By  0.  P.  MASON,  Fellow  of  Univ.  Coll.  London. 
First  Notions  of  Grammar  for  Young  Learners.     Foap.  8vo. 

75th  Thousand.    Revised  and  enlarged.    Cloth.    Is. 

First  Steps  in  English  Grammar  for  Junior  Classes.     Demy 

ISmo.    54th  Thousand.    Is. 

Outlines  of  English  Grammar  for  the  Use  of  Junior  Classes. 

87th  Thousand.    Crown  8vo.    2s. 
English    Grammar,  including    the    Principles  of    Grammatical 

Analysis.    34th  Edition.    143rd  Thousand.    Crown  8vo.    3s.  6d. 

Practice  and  Help  in  the  Analysis  of  Sentences.    2s. 

A  Shorter  English   Grammar,  with  copious  Exercises.     49th 

to  53rd  Thousand.    Crown  8vo.    3s.  6d. 

English  Grammar  Practice,  being  the  Exercises  separately.     Is. 

Code  Standard  Grammars.  Parts  I.  and  II.,  2d.  each.  Parts  III., 
IV.,  and  V.,  3d.  each.  

Notes  of  Lessons,  their  Preparation,  &c.  By  Jos6  Eickard, 
Park  Lane  Board  School,  Leeds,  and  A.  H.  Taylor,  Eodley  Board 
School,  Leeds.  2nd  Edition.  Crown  8vo.  2s.  6d. 

A  Syllabic  System  of  Teaching  to  Bead,  combining  the  advan- 
tages of  the  «  Phonic'  and  the  '  Look-and-Say '  Systems.  Crown  8vo.    Is. 
Practical  Hints  on  Teaching.  By  Rev.  J.  Menet,  M.A,  6th  Edit. 

revised.    Crown  8vo.  paper,  2s. 

Test  Lessons  in  Dictation.    4th  Edition.    Paper  cover,  1*.  6d. 


PSYCHOLOGY  AND  ETHICS. 

The  Student's  Manual  of  Psychology  and  Ethics.  By  F.  By- 
land,  M.A.,  late  Scholar  of  St.  John's  College,  Cambridge.  Specially 
adapted  for  London  Examinations.  Sixth  Edition,  with  Lists>f  Books 
for  Students,  and  Examination  Papers.  3s.  6d. 

Ethics:  An  Introductory  Manual  for  University  Students.  By 
P.  Ryland,  M.A.  3s.  6d 


MUSIC. 

A  Text-book  of  Music.  By  Henry  C.  Banister,  Professor  of 
Harmony,  Counterpoint,  and  Composition,  in  the  Eoyal  Normal  College 
and  Academy  of  Music  for  the  Blind  in  the  Guildhall  School  of  Music, 
and  in  the  Eoyal  Academy  of  Music.  14th  Edition.  5s. 

Lectures  on  Musical  Analysis.    Embracing  Sonata  Form,  Fugue, 

&c.     Illustrated  by  the  Works  of  the  Classical  Masters.      By    H.   C. 
Banister.    2nd  Edition,  revised.    7s.  6d. 

A  Concise  History  of  Music,  from  the  Commencement  of  the 
Christian  Era  to  the  present  time.  For  the  use  of  Students.  By  the 
Rev.  H.  G-.  Bonavia  Hunt,  Mus.  Doc.  Dublin ;  Warden  of  Trinity  College, 
London;  and  Lecturer  on  Musical  History  in  the  same  College.  12th 
Edition,  revised  to  date  (1893).  3s.  6d. 
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GEOLOGY, 

Student's  Handbook  of  Physical  Geology.  By  A.  J.  Jukes- 
Browne,  B.A.,  F.G.S.,  of  the  Geological  Survey  of  England  and  Wales. 
With  numerous  Diagrams  and  Illustrations.  2nd  Edition,  revised  and 
much  enlarged.  7s.  6d. 

'  Should  be  in  the  hands  of  every  teacher  of  geology.' 

Journal  of  Education. 
1 A  very  useful  book,  dealing  with  Geology  from  its  physical  side.' 

Athenceum. 

Student's  Handbook  of  Historical  Geology.  By  A.  J.  Jukes- 
Browne,  B.A.,  F.G.S.  With  numerous  Diagrams  and  Illustrations.  6s. 

'  Admirably  planned  and  well  executed.'— Journal  of  Education. 
The  Building  of  the  British  Isles.     By  A.  J.  Jukes-Browne, 
B.A.,  F.G.S.     A  Study  in  Geographical  Evolution.     With  Maps.     2nd 
Edition,  revised.    7«.  6d. 

TECHNOLOGICAL    HANDBOOKS. 

Edited  by  SIB  H.  TBUEMAN  WOOD,  Secretary  of  the  Society  of  Arts. 
Dyeing  and  Tissue  Printing.     By  W.  Crookes,  F.R.S.    5s. 
Glass  Manufacture.    By  Henry  Chance,  M.A.;  H.  J.  Powell,  B.A.; 

and  H.  G.  Harris.    3s.  6d. 
Cotton  Spinning.     By  Richard  Marsden,  of  Manchester.     4th 

Edition,  revised.    6s.  6d. 
Chemistry  of  Coal-Tar  Colours.    By  Prof.  Benedikt,  and  Dr. 

Knecht  of  Bradford  Technical  College.    2nd  Edition,  enlarged.    6s.  6d. 
Woollen   and  Worsted  Cloth   Manufacture.       By  Professor 

Roberts  Beaumont,  The  Yorkshire  College,  Leeds.    2nd  Edition.    7s.  6d. 
Silk  Dyeing.    By  G.  H.  Hurst,  F.C.S.    With  numerous  coloured 

specimens.   7s.  6d. 

Cotton  Weaving.    By  R.  Marsden.  [Preparing. 

Bookbinding.    By  J.  W.  Zaehnsdorf ,  with  eight  plates  and  many 

illustrations.    5s. 

Printing.    By  0.  T.  Jacobi,  Manager  of  the  Chiswick  Press.    5s. 

Plumbing.    By  S,  Stevens  Hellyer.    5s. 

Soap  Manufacture.    By  W.  Lawrence  Gadd,  F.I.C.,  F.C.S.    5s. 


BELL'S  AGRICULTURAL  SERIES. 

The  Farm  and  the  Dairy.    By  Prof.  Sheldon.     2s.  Gd. 
Soils  and  their  Properties.    By  Dr.  Fream.    2s.  6d. 
The  Diseases  of  Crops.    By  Dr.  Griffiths.     2s.  6d. 
Manures  and  their  Uses.    By  Dr.  Griffiths.    2s.  6d. 
TiUage  and  Implements.    By  Prof.  W.  J.  Maiden.    2s. 
Fruit  Culture.     By  J.  Cheal,  F.R.H.S.    2s.  6d. 


Specially  suitable  for  Agricultural  Classes. 

Practical  Dairy  Farming.     By  Prof.  Sheldon.     Reprinted  from 
*  The  Farm  and  the  Dairy.'    Illustrated.    Is. 

Practical  Fruit  Growing.     By  J.  Cheal,  F.R.H.S.     Reprinted 
from  '  Fruit  Culture.'    Illustrated,    Is. 


Educational  Works.  17 

HISTORY. 

Modern  Europe.    By  Dr.  T.  H.  Dyer.    2nd  Edition,  revised  and 

continued.    5  vols.  Demy  8vo.    21. 12s.  6d. 

The  Decline  of  the  Roman  Republic.     By  G.  Long.     5  vols. 

8vo.    5s.  each. 
Select  Historical  Documents  of  the  Middle  Ages.     Collected 

and  Translated  by  Ernest  F.  Henderson,  Ph.D.    Small  post  8vo.    5s. 

The  Intermediate  History  of  England.  For  Army  and  Civil 
Service  Candidates.  By  H.  F.  Wright,  M.A.,  LL.M.  Crown  8vo.  6s. 

Historical  Maps  of  England.  By  C.  H.  Pearson.  Folio.  3rd 
Edition  revised.  31s.  6d. 

England   in   the   Fifteenth    Century.    By  the  late  Bev.  W. 

Denton,  M.A.     Demy  8vo.    12s. 

History  of  England,  1800-46.  By  Harriet  Martineau,  with  new 
and  copious  Index.  5  vols.  3s.  6<Z.  each. 

A  Practical  Synopsis  of  English  History.    By  A.  Bowes.    9th 

Edition,  revised.    8vo.  Is. 

Lives  of  the  Queens  of  England.  By  A.  Strickland.  Library 
Edition,  8  vols.  7s.  6d.  each.  Cheaper  Edition,  6  vols.  5s.  each.  Abridged 
Edition,  1  vol.  6s.  6d.  Mary  Queen  of  Scots,  2  vols.  5s.  each.  Tudor  and 
Stuart  Princesses,  5s. 

History  and  Geography  Examination  Papers.  Compiled  by 
C.  H.  Spence,  M.A.,  Clifton  College.  Crown  8vo.  2s.  6d. 

For  other  Historical  Books,  see  Catalogue  ofBohn's  Libraries,  sent  free  on 
application. 


DICTIONARIES. 

WEBSTER'S    INTERNATIONAL    DICTIONARY    of   the 

English  Language.  Including  Scientific,  Technical, 
and  Biblical  Words  and  Terms,  with  their  Signi- 
fications, Pronunciations,  Etymologies,  Alternative 
Spellings,  Derivations,  Synonyms,  and  numerous 
illustrative  Quotations,  with  various  valuable  literary 
Appendices  and  83  extra  pages  of  Illustrations  grouped 
and  classified,  rendering  the  work  a  COMPLETE 
LITERARY  AND  SCIENTIFIC  REFERENCE-BOOK.  New 
Edition  (1890).  Thoroughly  revised  and  enlarged 
under  the  supervision  of  Noah  Porter,  D.D.,  LL.D. 
1  vol.  (2118  pages,  3500  woodcuts),  4to.  cloth,  31s.  6d. ;  half  calf,  21.  2s.  5 
half  russia,  21.  5s.  j  calf,  21.  8s. ;  full  sheep  with  patent  marginal  Index* 
21.  8s. ;  or  in  2  vols.  cloth,  11. 14s. ;  half  russia,  21.  18s. 

Prospectuses,  with  specimen  pages,  sent  free  on  application. 

Kluge's  Etymological  Dictionary  of  the  German  Language. 

Translated  from  the  4th  German  edition  by  J.  F.  Davis,  D.Lit.,  M.A. 
(Lond.).    Crown  4to.  half  buckram,  18s. 

Dictionary  of  the  French  and  English  Languages.  By 
F.  E.  A.  Gasc.  5th  Edition,  Revised  and  Enlarged.  Demy  8vo.  10s.  6d. 
IN  USE  AT  HARROW,  RUGBY,  SHREWSBURY,  &c. 

Pocket  Dictionary  of  the  French  and  'English  Languages. 

By  F.  E.  A.  Gaso.    49th  Thousand.    16mo.    Cloth,  2s.  6d. 
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DIVINITY. 

BY  THE  LATE    REV.  P.  H.  SCBIVENEB,  A.M.,  LL.D.,  D.C.L. 

Novum  Testamentum  Grace.  Editio  major.  Being  an  enlarged 

Edition,  containing  the  Readings  of  Bishop  Westcott  and  Dr.  Hort,  and 
those  adopted  by  the  Revisers,  &c.    7s.  6d.   (For  other  Editions  see  page  3.) 

A  Plain  Introduction  to  the  Criticism  of  the  New  Testament. 

With  Forty  Facsimiles  from  Ancient  Manuscripts.    4th  Edition,  revised 
by  Rev.  E.  Miller,  M.A.     8vo.  [In  the  press. 

Codex  Bezse  Oantabrigiensis.    4to.    10*.  6d. 


The  New  Testament  for  English  Readers.  By  the  late  H.  Alford, 

D.D.    Vol.  I.  Part  I.  3rd  Edit.  12s.     Vol.  I.  Part  II.  2nd  Edit.  10s.  6d. 
Vol.  II.  Part  I.  2nd  Edit.  16s.    Vol.  II.  Part  II.  2nd  Edit.  16s. 

The  Greek  Testament.    By  the  late  H.  Alford,  D.D.    Vol.  I.  7th 

Edit.  11.  8s.    Vol.  II.  8th  Edit.  11.  4s.    Vol.  III.  10th  Edit.  18s.    Vol.  IV. 
Part  I.  5th  Edit.  18s.    Vol.  IV.  Part  II.  10th  Edit.  14s.    Vol.  IV.  11. 12s. 

Companion  to  the  Greek  Testament.  By  A.  0.  Barrett,  M.A. 
5th  Edition,  revised.  Fcap.  8vo.  5s. 

Guide  to  the  Textual  Criticism  of  the  New  Testament,  By 
Rev.  E.  Miller,  M.A.  Crown  8vo.  4s. 

The  Book  of  Psalms.  A  New  Translation,  with  Introductions,  &o. 
By  the  Rt.  Rev.  J.  J.  Stewart  Perowne,  D.D.,  Bishop  of  Worcester.  8vo. 
Vol.  I.  8th  Edition,  18s.  Vol.  II.  8th  Edit.  16s. 

—  Abridged  for  Schools.    7th  Edition.    Crown  8vo.    10*.  6<Z. 
History  of  the  Articles  of  Religion.    By  C.  H.  Hardwick.    3rd 

Edition.    PostSvo.    5s. 

History  of  the  Creeds.  By  Rev.  Professor  Lumby,  D.D.  3rd 
Edition.  Crown  8vo.  7s.  6d. 

Pearson  on  the  Creed.  Carefully  printed  from  an  early  edition. 
With  Analysis  and  Index  by  E.  Walford,  M.A.  Post  8vo.  5s. 

Liturgies  and  Offices  of  the  Church,  for  the  Use  of  English 
Readers,  in  Illustration  of  the  Book  of  Common  Prayer.  By  the  Rev. 
Edward  Burbidge,  M.A.  Crown  8vo.  9s. 

An   Historical  and  Explanatory   Treatise  on  the  Book  of 

Common  Prayer.    By  Rev.  W.  GK  Humphry,  B.D.    6th  Edition,  enlarged. 
Small  Post  8vo.  2s.  6d.  j  Cheap  Edition,  Is. 

A  Commentary  on  the  Gospels,  Epistles,  and  Acts  of  the 

Apostles.    By  Rev.  W.  Denton,  A.M.    New  Edition.   7  vols.  8vo.    9s.  each. 

Notes  on  the  Catechism.    By  Rt.  Rev.  Bishop  Barry.  9th  Edit. 

Fcap.    2s. 
The  Winton  Church  Oateohlst.    Questions  and  Answers  on  the 

Teaching  of  the  Church  Catechism.    By  the  late  Rev.  J.  S.  B.  Monsell. 

LL.D.    4th  Edition.    Cloth,  3s. ;  or  in  Four  Parts,  sewed. 

The  Church  Teacher's  Manual  of  Christian  Instruction.    By 

Rev.  M.  F.  Sadler.    43rd  Thousand.    2s.  6d. 
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BOOKS  FOR  YOUNG   READERS. 

A  Series  of  Reading  Books  designed  to  facilitate  the  acquisition  of  the  power 

of  Reading  by  very  young  Children.     In  10  vols.  cloth,  Qd.  each, 

Those  with  an  asterisk  have  a  Frontispiece  or  other  Illustrations. 

*The  Old  Boathouse.  Bell  and  Fan;  or,  A  Cold  Dip.  \ 
*Tot  and  the  Cat.    A  Bit  of  Cake.    The  Jay.    The   ) 

Black  Hen's  Nest.    Tom  and  Ned.    Mrs.  Bee.  i  Suitable 

*The  Cat  and  the  Hen.    Sam  and  his  Dog  Redleg.    ) 

Bob  and  Tom  Lee.     A  Wreck. 

*The  New-born  Lamb.    The  Rosewood  Box.    Poor   I 

Fan.    Sheep  Dog. 

•The  Two  Parrots.    A  Tale  of  the  Jubilee.     By  M.  E. 

Wintle.    9  Illustrations. 

*The  Story  of  Three  Monkeys. 


'Story  of  a  Cat.    Told  by  Herself. 
The  Blind  Boy.    The  Mute  Girl.    A  New  Tale  of 

Babes  in  a  Wood. 


Suitable 

for 

Standard* 
I.  A  II. 


*Queen  Bee  and  Busy  Bee. 
*GulTs  Crag. 
*The  Lost  Pigs. 
Syllabic  Spelling.    By  C.  Barton.     In  Two  Parts.     Infants,  3d. 

Standard  I.,  3d. 

GEOGRAPHICAL    READING  BOOKS. 

By  M.  J.  BARRINGTON  WARD,  M.A.     With  numerous  Illustrations. 
The  Child's  Geography.    For  the  Use  of  Schools  and  for  Home 

Tuition.    6d. 

The  Map  and  the  Compass.    A  Reading-Book  of  Geography. 

For  Standard  I.    New  Edition,  revised.    8d.  cloth. 

The    Round    World.      A  Beading-Book  of  Geography.      For 

Standard  II.    New  Edition,  revised  and  enlarged.    lOd. 

About  England.     A  Beading-Book  of  Geography  for  Standard 
III.    With  numerous  Illustrations  and  Coloured  Map.    Is.  4<i. 

The  Child's  Geography  of  England.    With  Introductory  Exer- 

cises  on  the  British  Isles  and  Empire,  with  Questions.    2s.  6d, 


ELEMENTARY    MECHANICS. 
By  J.  C.  HOROBIN,  B.A.,  Principal  of  Homerton  Training  College. 

Stage  I.  With  numerous  Illustrations.  Is.  6d. 
Stage  II.  With  numerous  Illustrations.  ls.6d. 
Stage  III.  [Preparing. 


20       George  Bell  and  Sons1  Educational  Works. 


BELL'S   READING-BOOKS. 

FOR    SCHOOLS    AND    PAROCHIAL    LIBRARIES. 
Post  Svo.  Strongly  bound  in  cloth,  Is.  each. 

*Adventures  of  a  Donkey.  \ 

*Life  of  Columbus. 

"Grimm's  German  Tales.    (Selected,) 

*  Andersen's  Danish  Tales.    Illustrated.    (Selected,) 
*TTncle  Tom's  Cabin. 

*  Great  Englishmen.     Short  Lives  for  Yonng  Children, 

Great  Englishwomen.    Short  Lives  of. 

Great  Scotsmen.    Short  Lives  of. 

Parables  from  Nature.   (Selected.)   ByMrs.Gatty, 

Lyrical  Poetry,    Selected  by  D.  Munro, 
*Sdgeworth's  Tales.    (A  Selection.) 
*Scott's  Talisman.    (Abridged.) 

*Poor  Jack.    By  Captain  Marryat,  B.N.    Abgd. 
*Dickens's  Little  Nell.    Abridged  from  the  '  The  Old 
Curiosity  Shop.' 

*  Oliver  Twist.    By  Charles  Dickens.    (Abridged.) 
*Masterman  Beady.  ByCapt.  Marryat.  Illus.  (Abgd.) 
"Gulliver's  Travels.    (Abridged.) 

"Arabian  Nights.    (A  Selection  Rewritten.) 

"The  Vicar  of  Wakefleld.  \ 

Lamb's  Tales  from  Shakespeare.    (Selected.) 

*  Robinson  Crusoe.     Illustrated. 

"Settlers  in  Canada.    By  Capt.  Marryat.    (Abridged.) 
"Southey's  Life  of  Nelson.    (Abridged.) 
"Life  of  the  Duke  of  Wellington,  with  Maps  and  Plans. 
."Sir  Roger  de  Ooverley  and  other  Essays  from  the 
Tales  of  the  Coast.    By  J.  Bunciman.  Spectator. 

*  These  Volumes  we  Illustrated. 


SuituMe 

/or 
Standard 

III. 


Standard 
IV. 


Standard 
V. 


Standards 

VI.,  & 

VII. 


Uniform  with  the  Series,  in  limp  cloth,  6d.  each. 

Shakespeare's    Plays.     Kemble's  Beading  Edition.    With  Ex- 

planatory  Notes  for  School  Use. 

JULIUS  CAESAR.      THE  MERCHANT  OF  VENICE.      KING  JOHN. 
HENRY  THE  FIFTH.        MACBETH.       AS  YOU  LIKE  IT. 


- 


14  DAY  USE 

RETURN  TO  DESK  FROM  WHICH  BORROWED 

LOAN  DEPT. 

This  book  is  due  on  the  last  date  stamped  below,  or 

on  the  date  to  which  renewed. 
Renewed  books  are  subject  to  immediate  recall. 
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